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The development of realistic comminution models is dependent on the accuracy with 
which ore breakage can be predicted. This hinges on our understanding of the basic 
concepts of breakage and the different modes in which it manifests in the 
comminution environment. Three distinctly different modes of breakage were 
identified and investigated as the elementary processes that govern comminution. 
Impact breakage was investigated as the first mode of breakage. Drop weight tests 
were performed to determine the influence of different energy intensities on the 
product particle size distribution. The drop weight tests were carried out on UG2 
platinum and Target gold ore. The particles were broken over a range of six size 
classes ranging from 13 to l06mm. It was observed that the product size distribution 
becomes finer with increasing energies and that the sub 400flm fraction may contain 
valuable information for some ore types. 
The second mode that was investigated was abrasion. Abrasion experiments were 
performed in a 1.68xO.597m pilot mill and a O.57x0.485m torque mill. This was done 
in order to see how the breakage changes when the size and aspect ratio of the mill 
changes. It was observed that fewer impact breakage events occur in a mill with a 
smaller diameter. For angular rocks it was observed that after the initial chipping 
phase, abrasion takes over as the primary mode of breakage and the rate of mass lost 
out of the mill becomes lower. With angular rocks the rate of discharge of fines 
increases rapidly when the test is started. Then it slows down and becomes constant. 
The rate of fines production is fast when the corners and edges of the rocks are 
chipped off When the rocks in the mill take on a more rounded shape, the production 
of fines slows down and abrasion becomes the primary mode of breakage. 
Bed breakage in a laboratory scale High Pressure Grinding Roll (HPGR) was 
investigated. UG2 ore was used to conduct a comparative study on the Autogenous 
mill and the HPGR. A Mineral Liberation Analyser (MLA) was used to determine 
the liberation of the product samples. The AG mill gave better liberation of the sub 











mill sample a bigger volume percent and more particles per hundred were properly 
liberated in comparison with the sub 381lm HPGR sample. However the deportment 
(and recoverability) of the valuable minerals within the sub 381lm fractions of both 
samples is unknown. 
The effects of various operating conditions were investigated on the HPGR with 
another platinum ore, a Merensky reef sample. It was found that the energy 
consumption of the HPGR increases with specific press force, but the reduction ratio 
does not increase beyond a certain specific press force. This threshold was found to 
be 4N/mm2 for the Merensky ore. When the specific press force is increased, the 
energy consumption increases accordingly. But once a certain threshold is reached, 
the reduction ratio no longer increases with increasing specific press force. Therefore 
optimum operating conditions must be found in order to avoid energy inefficiencies. 
The liberation of an HPGR sample broken under High Pressure and Low Pressure was 
also determined by MLA. It was observed from the MLA data that the HPGR 
operated at a higher pressure gave better liberation in the sub 381lm size class than 
that operated at a lower pressure. The deportment (and recoverability) of the valuable 
minerals in the sub 381lm fractions of both samples is unknown. However the HPGR 
operated at a lower pressure gave better liberation in the -75+ 381lm size class 
compared to that operated at a higher pressure. The lower pressure gave better 
liberation in the -75+ 381lm fraction and therefore operating at the lowest pressure that 
will still produce the required grind is beneficial. 
The different modes of breakage were compared and it was found that with bed 
breakage from the HPGR there will not be a build up of a critical size that is difficult 
to break. Critical size build up is commonly associated with run of mine mills 
(AG/SAG) and negatively impacts throughput. The product particle size distributions 
ofUG2 ore and Target Gold ore were compared for the various modes of breakage. It 
was found that UG2 ore is much more fragile and that it produces a distinct bimodal 
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The complexity of the comminution process has been fascinating and frustrating 
modellers of AG/SAG mills and other comminution equipment for several decades. 
Much progress has been made and better equipment and models are constantly being 
developed. The high incentive that is placed on energy efficiency encourages this. 
However, the comminution process is still governed by a large number of factors that 
influence the liberation of the valuable components in the ore. A better understanding 
of these basic factors will provide more certainty about the design of equipment in 
order to achieve the best liberation and energy efficiency. 
Much of the modelling and simulation of comminution processes is largely dependant 
on the researcher's understanding of ore breakage. Information about ore breakage 
properties obtained from well structured experiments performed using sound 
experimental techniques is therefore essential. 
1.1 THE FRACTURE THEORY 
The breakage of ore, like that of any other material, depends on how it responds to the 
applied load. When the applied load is lower than the yield stress of the rock, it 
undergoes elastic deformation proportional to the load. In this region, no permanent 
deformation will take place. This means that repeated impacts at that load will have 
no effect on the particle. 
If the applied load to the particle is increased further it enters the ductile zone. The 
particle would still posses the ability to resist the load, but micro fractures like crack 
initiation and propagation will take place. Therefore cumulative damage results, but 
the effect of repeated impacts would not be seen until the thresho ld is reached, where 
it will take just one last impact to cause fracture (Tavares and King, 1998). When 
more strain energy is applied, the brittle zone is reached and sudden failure of the 
material is encountered. This is when the available energy is sufficient to cause 










energy intensity (or strain rate) at which a particle will be broken must be carefully 
selected because it has an influence on the progeny particle size distribution (Tavares 
and King, 1998). 
The strength of a particle also depends on its orientation and it may take several 
impacts before a favourable orientation (comparative to pre-existing flaws or 
weaknesses) is found (Tavares and King, 2002). Tavares and King also observed that 
the other factors that influence a particle's response to repeated impacting are the 
strength of the particles, the intensity of the impacts and the amenability of the 
partic Ie's microstructure to withstand the app lied stresses. 
All naturally occurring rocks contain zones of weakness like cracks and flaws. In 
these zones, the inter-atomic distances are greater and irregular and therefore make it 
weaker than a perfect lattice structure. These cracks and flaws may have been caused 
by explosives, shear and fault zones, bedding planes, grain and crystal boundaries and 
atomic lattice discontinuities. When these are concentrated at any particular size 
range it is called a natural grain size (Bond, 1962). 
The distribution of cracks varies from particle to particle and this makes it difficult to 
determine the energy needed to break a rock sample. The geometry of the particle 
also has an influence on the probability of breakage. Rounded particles have a greater 
probability of fracture because they tend to absorb more of the impact energy in 
comparison to angular specimens. A similar observation was made from cumulative 
impact tests performed by Bbosa et al. (2006) using the Split Hopkinson Pressure Bar 
(SHPB). A detailed discussion of micro-fracture mechanisms (crack initiation and 
propagation) and macro measures of response (ultimate strength and the means to 
describe its response to loading) is presented by Napier-Munn et al., (1999). A 
discussion of the basics of the fracture theory and a procedure of determining the 
fracture probability was described by Bwalya et aI., (2001). 
In 1980, Kiss and Schonert made their own two phase composite material from quartz 
particles and cement. After allowing this material to undergo single particle 
compression and impact crushing, they found that the method of breakage had no 











was found to influence the degree of liberation. This may not be true for a real ore as 
it is in contradiction with some recent statements in literature about the significant 
advantages that packed bed breakage has on liberation (Knecht and Patzelt, 2004). 
Packed bed breakage may also offer improved energy efficiency in downstream 
process units (Tavares, 2005). These are key issues that will be investigated in this 
study. 
1.2 RESEARCH FOCUS AND OBJECTIVES 
1.2.1 RESEARCH FOCUS 
The focus of this project is on two traditionally separate fields: Comminution and 
Process Mineralogy. The primary focus will be on comminution, but liberation 
studies will be performed on some of the samples from the comminution test work. 
Comminution: In section 2.1 the main methods of breakage are highlighted and the 
industrial applications of these methods are also discussed. The three distinctly 
different basic modes of breakage that are identified are impact, abrasion, and bed 
breakage. Some of the valuable contributions to the knowledge in this field are 
discussed. 
Liberation studies: The various techniques with which the liberation of a valuable 
component can be determined are given in section 2.2 and the developments in this 
field are discussed. 
In the literature it is sometimes seen that the comminution-liberation relationship is 
not yet fully understood due to difficulties such as the estimation of the liberation 
distribution of ore textures. This has been studied by numerous researchers reviewed 
by Gay, (1999). All the studies performed to relate liberation to comminution appear 
to be equipment specific, and not derived from breakage tests (King and Schneider, 
1998, Hsih et al., 1995, Gay, 2004). Most of the research done to date seems to be 











methodology that would link these two fields and make an attempt to incorporate 
liberation into particle breakage testing. 
The aim is therefore to improve our understanding of the influence that breakage and 
the intensity of breakage has on the particle size distribution and the liberation of the 
valuable minerals. 
1.2.2 HYPOTHYSES 
1. There is a relationship between the energy intensity of the breakage event 
and the size distribution of the product. 
Breaking rocks at different energy intensities results in different progeny particles 
and these differences can be quantified. Increasing the energy intensity at which 
the breakage event takes place may produce a finer product. However this trend 
may stop once it reaches a certain threshold. 
2. There is a relationship between the mode of breakage and the size 
distribution of the product. 
The method that was used to break the ore may determine the particle SIze 
distribution of the final product. Impact, Abrasion and Bed breakage are three 
distinctly different modes of breakage that my produce different products. A 
suitable mode of breakage may therefore be selected in order to achieve certain 
product size distributions. 
3. In the operation of the HPGR there is an optimum specific press force where 
there will be no advantage in operating at higher specific press forces. 
When the HPGR is operated over a wide range of specific press forces the 
reduction ratios will indicate conditions that consume the least energy but still 
provide the required grind. Comparable product size distributions may be 











that consume the least energy can be determined and used in order to save energy 
without compromising significantly on the grind. 
4. The state of liberation for the samples broken by different modes of breakage 
and intensities of breakage is different. 
Certain rock breakage devices may promote breakage around grain boundaries of 
base metal sulphides and therefore increase the amount of liberated particles. 
Numerous rock breakage techniques are available today and the influence that the 
mode or manner of breakage has on liberation has not been fully quantified. 
1.2.3 OBJECTIVES 
The following objectives form the work plan to test the hypotheses formulated for this 
thesis: 
• To investigate the relationship between the amounts of energy applied per 
mass of ore and the size distribution of the product. This will be done by the 
application of different energies to similar rock samples and the investigation 
of the product size distributions. 
• To investigate the relationship between the modes of breakage that are used in 
the breakage events and the size distribution of the products. This will be 
done by applying different modes of breakage to similar rock samples. 
Impact, abrasion and bed breakage will be investigated. The impact breakage 
tests will be conducted with a drop weight tester, the abrasion experiments 
will be conducted in mills and the bed breakage tests will be done with a 
HPGR. 
• The HPGR will be operated with various operating conditions and the energy 
consumptions will be recorded and evaluated together with the reduction ratios 
of the products to determine an optimum specific press force. When the 
HPGR is operated over a wide range of specific press forces, the reduction 
ratios may indicate conditions that consume the least energy but still provide 











• Analyse samples from specific SIze fractions usmg a Mineral Liberation 
Analyser (a process mineralogy tool) in order to determine whether the 












2. LITERATURE SURVEY 
in this chapter the most popular ore breakage method" and the progress made by 
researchers over the years are discussed. The techniques available for mineralogical 
analysis as well as the development of research in quantifying liberation in minerals 
processing are discussed. 
2.1. COMMINUTION 
Comminution is the essential step in minerals processing where the run of mine ore is 
broken in order to expose the valuable particles for recovering using different down 
stream processes. In this section ore breakage characterisation and the most widely 
used comminution machines will be discussed. 
There are three distinctly different modes of breakage that are described in this 
section. With each of these modes, some of the equipment that is most commonly 
used in industry to achieve that mode of breakage is described. But before attention 
can be given to various modes of breakage or equipment, the basics of a breakage 
event are discussed. 
In 1962, Bond identified three principles of energy required for comminution: 
• The specific energy input equals the energy index of the product minus the 
energy index of the feed. 
• The energy input is directly proportional to the new crack length produced and 
is therefore inversely proportional to the square root of the product size minus 
the square root of the feed size. The work index is the proportionality 
constant. 
• The work input, exposure of fines and variations of the work index at different 
product sizes are governed by the flaw structures of the material. 













WI = (1.lO)( 44.5) 
"" {(P:")(GS~ x[ ix;- fx~]} 
the opening of the classifying screen 
net grams of undersize produced per mill revolution 
80% passing size of the product (11m) 
80% passing size of the feed (11m) 
His tests showed that the specific grinding energy E in kWhlt was empirically related 
to the make-up feed and circuit product sizes by 
E=WI(~-~J FoFc 
He also developed equations ill order to scale these results up to other mill 
dimensions: 
Where D 
WI = (WI test {2~4 r2 D:::; 3.81m 
WI = (WItest )(0.914) D23.81m 
the diameter ofthe mill 
In 1963 he presented equations for calculating product sizes from surface area 
approximations as well as equations for calculating the power requirements and the 
capacity of grinding equipment (Bond, 1963). These equations are useful, but limited 
in terms of SAG mill operations. The Bond Crushability test is still being used, but it 
is not particularly accurate for predicting crushability in intermediate crushers and 
fine crushers. It also shows large variation in individual rock breakage and does not 
provide any estimation of crusher product size. It also requires the operator to make 











Breakage is caused when the ore is stressed above the breaking strength limit (Ecrit), 
which leads to cracking of the ore particles (Napier-Munn et al., 1999). When ore 
particles are crushed by direct hits from a ball or a bigger rock in AG or SAG mills, 
impact breakage occurs. Abrasion is caused by the sliding and rolling action between 
particles in the moving charge. Abrasion also takes place where individual grains are 
removed from the surface of a rock by frictional forces. A low inter-particle pressure 
will result in a fme abrasion product and the frictional forces are proportional to the 
pressure (Loveday, 2004). According to Digre (1969) abrasion is usually the main 
reduction mechanism. 
Preferential breakage often occurs when crack branching occurs more frequently in 
one mineral than in the others. This causes the preferentially broken mineral to occur 
more abundantly in the finer sizes after each fracture event than the other minerals 
(King and Schneider, 1998). It is an example of non-random breakage and it often 
occurs in the form of breakage around grain boundaries. This results in particles of a 
particular size fraction (or more) in a particle size distribution to be more abundant 
than would be expected. This may probably result in preferential liberation. One of 
the common causes of preferential breakage is confined particle bed breakage (King 
and Schneider, 1998). 
Another form of non-random breakage is interfacial breakage. If there is a loss of 
particle interfacial surface area between feed and product, interfacial breakage or 
grain boundary fracture has taken place (Frandrich et al., 1997). 
In 1988 Pauw experimented with different energy intensities in the breakage of single 
ore particles of different sizes. He showed that the application of excessive amounts 
of energy to particles close to the required product size leads to over-breakage. This 
is when particles are broken to a size finer than the required product size. He also 
showed that over-breakage is a potential source of over-grinding in tumbling mills. 
Another reason for inefficient energy usage is when insufficient energy (lower than 
the fracture energy) is applied in an impact event (this is referred to as the elastic 
zone). The applied energy is converted to heat or sound energy, but a fracture event 
does not occur. The ratio of stress to strain in the elastic zone in its simplest form 











energy is applied, the ductile zone is entered. The material will lose the ability to 
resist the applied load and will deform. After the ductile zone, the brittle zone is 
entered and sudden failure of the material occurs (Napier-Munn et aI., 1999). This 
sudden failure is never exactly simultaneous over the whole new surfaces. It starts at 
the weakest place in the strained matrix. This failure concentrates the surrounding 
stress and strain at the newly formed crack tip and this is rapidly propagated across 
the rock (Bond, 1962). The physical properties of the particle and the grinding media 
will affect the value of the optimum input energy. In mills, the density of the slurry as 
well as the slurry hold up, mill speed and lifter configuration can determine the extent 
to which breakage takes place (Loveday and Naidoo, 1997). 
2.1.1. IMPACT 
Impact breakage in AG/SAG mills is caused by steel balls or bigger particles that 
break smaller particles against the mill liner or charge, or when a dropping particle 
breaks itself against the liner or the charge. Often rocks don't break with a single 
impact but repeated softer blows may cause cumulative damage up to a point where 
one final hit causes breakage. Multiple hit breakages will result in fewer, larger 
fragments of progeny rocks in comparison with the finer particle size distribution 
associated with single impact breakage (Digre 1969). Specific breakage energy is 
dependant on the size of the rocks, which means that smaller rocks are more likely to 
break than the bigger rocks when the same energy is applied to each rock. The 
probability that a rock will break from a single impact decreases with increasing rock 
size. In AG mills, this can cause a depletion of pebbles in certain size classes and the 
critical sized rocks will remain unbroken. Chipping also occurs as a kind of impact 
breakage. It can be described as the mass lost from the mother particle when particles 
collide with other particles or the mill liner. 
Reliable particle breakage data is important in the development of breakage functions 
that are needed for a population balance model to reasonably predict the performance 
of industrial comminution machines. Single particle impact breakage is one of the 











impact breakage devices and the most commonly used devices are discussed 
hereafter. 
2.1.1.1. Twin pendulum 
The twin pendulum device employs an input pendulum that is released from a known 
height that breaks the rock specimen against a rebound pendulum as demonstrated in 







Figure 2.1: A schematic of the twin pendulum rock breakage device (Napier-
Munn et aL 1999) 
The rebound pendulum swings between a laser source and a detector. The motion of 
the rebound pendulum is monitored with a computer which records the time it takes to 
pass through the laser beam. The twin pendulum comes in two sizes to break 
different particle sizes. The smaller unit is used to relate the energy consumption in 
single particle breakage to industrial rod and ball mills and the bigger unit is used to 
relate the energy consumption in single particle breakage to industrial crushers and 
AG/SAG mills (Napier-Munn et al. 1999). In spite of this, the Twin pendulum is still 
limited in the particle sizes that it can take and the energy inputs that it can achieve 
and the operation is time consuming. In addition to this, the energy calculation is not 
always accurate and it can be observed from the secondary movement that occurs 
when the rebound pendulum follows the collision. This lack of restraint in the motion 











typically used in the pendulum experiments result in the low energy transfer 
efficiencies of this device (Tavares, 1999). Therefore, in recent years the JK drop 
weight apparatus largely replaced the pendulum at the JKMRC (Briggs and Bearman, 
1996). 
2.1.1.2. Drop weight tester 
In the drop weight test, a particle is placed on a steel anvil and is broken by a steel 
drop weight of a specific mass, falling from a specific height. By changing the 
release height and the mass of the drop weight, a wide range of input energies can be 
achieved (Napier-Munn et aI., 1999). The weights are mounted on two guide rails 
(see Figure 2.2) in an attempt to get a uniform impact across the weight. The device 
is built on a strong steel frame and enclosed in Perspex to avoid the loss of product 
sample as a result of the impact. It has some advantages such as extended energy 
inputs, large particle size ranges, short time span of operations and greater precision 
than the twin pendulum. The remaining gap (the space between the anvil and the drop 
weight) is used to calculate the amount of energy that was not transferred into the 
rock. Still, the greatest limitation of the drop weight test is that it does not allow the 
direct measurement of the fraction of the input energy that is used in particle breakage 
(Tavares, 1999). It is assumed that all the potential energy that is applied goes into 
the rock when some of the energy may still be transferred to the concrete surface, but 
not in a way that can be easily observed. The drop weight tester produces quantitative 
information about the relationship between input energy and size distributions of the 
broken specimens, when screened after the impact (Banini, 2000). The drop weight 
tester has been widely used for determining the so called A and B parameters that are 

























Figure 2.2: A schematic of the JKMRC drop weight rock breakage device 
(Napier-Munn et al. 1999) 
The drop weight test is the most commonly used method of investigating breakage 
characteristics of materials and also the simplest in design. It is can be operated over 
an extended input energy range (Tavares, 1999). 
Dukino et al. (1997) investigated the strength of Australian iron ores in different 
tumble and drop tests. They found that the tumbling process causes surface breakage 
and the drop tower causes volume breakage. The extent of breakage that occurs when 
a particle is dropped (in a mill or drop weight tester) depends on the degree of 
stabilisation (see Figure 2.3), the drop height and the rock density, volume, elastic 










(a) High PI' (b) Low Pr 
Figure 2.3: Effect of different loading configurations on probability of fracture 
Pf (Dukino et al., 1997) 
The loading geometry, (the profile of the rock that contacts the plate) affects the 
probability of fracture. In Figure 2.3, two different loading configurations can be seen 
(a) will have a higher probability of fracture (Pt) than (b). The loading configuration 
illustrated in (a) will promote breakage along the natural mineral planes and that in 
configuration (b) will tend to cause compression. Higher energy inputs will therefore 
be required to break a rock specimen in configuration (b). The problem arising from 
this is that the natural mineral planes may not always be visible with the naked eye 
and produce inconsistent results. 
2.1.1.3. Impact load cell 
The impact load cell was invented by Weichert (Bourgeois & Banini, 2002). It is, in 
principle, just another type of drop-weight testing machine, but also incorporates 
principles of the Hopkinson bar (see section 2.1.1.4). Detailed energy aspects of 
single-particle breakage can be obtained with impact load cells. These devices can 
also be used to measure particle compression, compressive force and energy absorbed 
by the particle (Bourgeois & Banini, 2002). The use of impact load cells are limited 
to specialised laboratories as a result of their physical dimensions and the sensitivity 











It was also only after the development of the Ultra Fast Load Cell (UFLC) that it 
became possible to measure particle fracture energy directly (Tavares & King, 1998). 
This apparatus employs a long steel rod equipped with strain gauges. The rock 
specimen(s) are placed on this rod and impacted by a falling steel ball. The impact 
causes a compressive wave that progresses down the rod and is recorded by the strain 
gauges. A digital oscilloscope is used to record the voltage change in a Wheatstone 
bridge (bridge circuit) as a function of time, which facilitates the calculation of force-
time data (Tavares & King, 1998). These accurate measurements permit calculation 
of other fundamental properties of the specimen including the energy absorbed by the 
particle prior to initial fracture and the relationship between this energy and the 
breakage function. 
The UFLC is an accurate, fast and inexpensive device that can be used to study the 
breakage of particles subject to impact fracture (Tavares and King, 1998). However, 
the accuracy of these measurements depends on the precision of measurement of the 
material properties of the sphere and the rod, because it is calibrated according to 
these (King and Bourgeois, 1993). The mass specific fracture energy distributions of 
the material tested represents log-normal distributions and consistent variance with 
size. A correspondence between the probability of fracture and fracture energy was 
observed (King and Bourgeois, 1993). The schematic representation ofthe UFLC can 















Figure 2.4: Schematic outline of the ultra-fast load cell (King and Bourgeois, 
1993) 
The UFLC measures two important parameters: the specific particle fracture energy, 
and the particle stiffuess. The specific particle fracture energy refers to the minimum 
amount of energy that is needed to fracture a particle, while the particle stiffuess is the 
rate at which strain energy is stored in the specimen before fracture. It can be used to 
classify materials on their resistance to comminution (Tavares & King, 1998). From 
these experiments it was found that fracture characteristics are independent of the rate 
of strain at rates expected to be found in industrial comminution equipment. 
2.1.1.4. Split Hopkinson Pressure bar 
Breakage of single particles depends on the rate sensitivity of the different materials 
(Yang, & Shim, 2005). The Split Hopkinson Pressure Bar (SHPB) is a device that 
can be used to accurately determine rate dependent tensile or compressive properties 
of different materials. The SHPB has been used extensively to study the dynamic 











The force and the energy that is required to cause complete fracture of materials can 
be measured with this apparatus. It consists of two horizontally suspended steel bars 
and the specimen being tested is wedged between the ends of these two bars as seen in 
Figure 2.5. 
> strain gauges strain gauges < 
Figure 2.5: Experimental setup of the Split Hopkinson Pressure Bar 
A striker bar is fired with a blast of nitrogen gas to hit the incident bar. The input 
energy is calculated from the initial velocity of the striker that is determined with an 
optical sensor. A rectangular compression wave of well-defined amplitude and length 
is generated in the incident bar when the striker bar strikes it. When the wave reaches 
the particle, some of it transmits through the particle, some of it reflects back through 
the incident bar, and some is absorbed. High stress-strain curves are then obtained 
from measurements of strain with the strain gauges on the incident and output bars. 
Therefore, lost strain energy can be subtracted from the input energy and the energy 
that is actually responsible for breakage can be calculated (Bbosa et aI., 2006). The 
SHPB allows accurate energy calculation because it only assumes the heat and sound 
energy that was generated is negligible. However it can only take particles of up to 
40mm and the operation is time consuming. 
Briggs and Bearman (1996) examined the effects of different forms of crushing and 
the differences in the competencies of the materials as observed through the various 
stages of crushing. They made use of a Modified Hopkinson Pressure Bar (MHPB) to 
measure the damage present in the rocks. The MHPB is similar to the SHPB but the 
impact bar is propelled with a spring. They used the MHPB to enable the resolution 
of the force experienced by a rock as it is dynamically loaded in compression. They 
found that impact crushers produce material that contains less variation in strength 











found that cone crushers did not break material as consistently as impact crushers. 
They also compared the performance of the MHPB to gyratory crushers and Barmac 
Rotopactor, but in this study these will all be grouped together under impact breakage. 
2.1.2. ABRASION 
Attrition is the term used for the comminution carried out by the action of the 
grinding media on the interstitial fine material. This reduction mechanism dominates 
in ball mill grinding. Therefore attrition takes place in any tumbling mill where fine 
material is present together with grinding media. The size of the grinding media and 
the fines, the amount of fines and the consistency of the pulp will have an influence 
on this mode of breakage. For successful attrition grinding to take place, the particle 
must be caught between adjacent balls or pebbles and the forces must be strong 
enough to break the particle. In autogenous grinding, abrasion is usually the 
dominant reduction mechanism (Digre, 1969). 
Abrasion occurs when rocks are rubbed against each other and gradually wear down. 
Strictly speaking, pure abrasion is the breakage mechanism that takes place when the 
number of rocks in the charge of a batch grinding experiment is exactly the same 
before and after, but the total mass is smaller. When angular rocks from a coarse 
crushing plant are placed in a mill, the prominent points and edges are rapidly chipped 
off The mass of the charge decreases as a result of the fines that are scraped off the 
surface of the rocks and discharges from the mill as slurry (Loveday and Naidoo, 
1997). A reliable way to measure abrasion is to continuously remove the pulp that 
forms by the injection of water (Loveday, 2004). This approach enables AG/SAG 
modellers to estimate the amount of breakage that takes place in the AG/SAG 
environment that may be attributed to abrasion. Wear rate for fresh particles decrease 
with grinding time and will start showing similar behaviour to rounded particles after 
losing about 4% of their mass (Goldman and Barbery, 1988). As this rounding 
process proceeds, the size of the chips decreases until only pure abrasion occurs off 
the surface of the rounded pebbles. Therefore, the pebbles that arrive from bigger size 
classes into a specific size class are very different from fresh feed pebbles in that 











Loveday (2004) found that circuit variations using recycle crushing or changes in feed 
sizing will significantly change the average breakage rate parameters. For a perfectly 
rounded pebble, the total amount of material removed in the first chipping phase will 
be about 10-20% of the original weight of the particle (Digre, 1969). Rounding 
abrasion occurs at a slower but steadier rate than the original chipping phase. It 
happens when the static and dynamic forces acting on the grains in contact exceed the 
strength of the matrix or the bond between grains. Goldman and Barbery (1988) 
found that the breakage rate decreases with an increase in the level of filles in the 
load, showing a cushioning effect. 
The rate of abrasion of rocks is influenced by the mill diameter, charge level, pulp 
level and the presence of balls (Loveday and Whiten, 2002). Wear rate is also 
influenced by load volume. The wear rate increases with load volume between 11 % 
and 22%, but it was found that further increases in load volume from 33% to 50% 
resulted in slower wear rates (Goldman and Barbery, 1988). 
As the sizes of rocks in AG/SAG mills decreases, a "critical size" is sometimes 
encountered (Napier-Munn, et aI., 1999). This is the size of rocks that the mill finds 
hard to break. Abrasion is a surface phenomenon and the breakage rate will reduce as 
the particle surface area reduces. At this critical size, the specific rate of breakage of 
rocks usually decreases to a minimum and this is usually in the 20-25mm size fraction 
(Napier-Munn, et al., 1999). However, a critical size of 20-25 mm is too small for 
industrial mills and this size only applies to pilot scale mills. The probability of 
smaller particles to be broken or chipped by bigger ones increases. This may cause a 
steep increase in the rate up to the maximum (Napier-Munn, et al., 1999). However 
the model that Loveday and Whiten (2002) developed indicated that the rocks in the 
critical size do not appear to be rate limiting. In fact it was found that these rocks 
wear away faster than larger rocks. The accumulation of pebbles in the critical size 
range was simply attributed to the number of rocks progressing from the larger size 
classes. 
It is important to understand the factors that influence abrasion and wear, because it is 
a rate determining step (Loveday and Whiten, 2002). It is also the main contributor to 











ore in mills can be determined by laboratory or pilot scale abrasion mills (Loveday 
and Whiten, 2002). Usually a single size fraction of an ore is used in a batch grinding 
experiment. The speed should be kept similar to the industrial mill that is being 
modelled. The breakage rate and breakage function of the process can then be 
determined. 
2.1.2.1. Ore characterisation using the abrasion mill 
Loveday and Naidoo (1997) conducted several tests in a 600mm diameter autogenous 
mill with a length of 500mm. They examined the factors that are most likely to 
influence the rate of abrasion such as rock mass, pulp hold-up, size distribution of 
rocks, mill speed, and lifter configuration. Experiments were conducted on pebbles 
that were already rounded in a mill. The fines were flushed out by a stream of water 
injected into the mill to minimise the effect of secondary milling. It was found that 
abrasion rate per unit mass increased significantly with rock mass. This is important 
to keep in mind while conducting abrasion test work because it must be attempted to 
keep the charge ofthe mill constant. A direct correlation of rock hardness to abrasion 
rate was also found (Loveday and Naidoo, 1997). They concluded that the size 
distribution of material produced by abrasion of rounded pebbles is independent of 
operating conditions. It was also found that the specific rate of abrasion could be 
correlated with the power intensity ofthe mill. 
2.1.3. BED BREAKAGE 
Devices that are used for bed breakage operate on the principle of generating high 
pressures to cause inter-particle breakage in a compressed bed of particles. The 
energy distribution in a packed bed is unequal. A coarse particle will be protected if it 
is surrounded by finer particles, but a smaller particle will easily be broken between 
coarser ones (Liu and Schbnert, 1996). High pressure bed breakage may offer energy 
savings as well as other advantages for downstream process units, such as better 
liberation of the valuable minerals (Hosten and Ozbay, 1998). One of the main 











directly to the charge mass (Fuerstenau et aI., 1996). Therefore, breakage occurs as a 
result of these high stresses that are caused locally between the closely packed 
particles. The possibility of losing energy in the transfer process is also limited in this 
way. The better energy efficiency may also be attributed to the design where the 
particles are forced to pass between the rolls in comparison with SAG mills where 
there is a high stochastic hit-or-miss probability (Fuerstenau et aI., 1990). The 
compacting of the particles in the bed depends on factors such as ore hardness, feed 
size, wear characteristics of the ore and the moisture content (Tavares, 2005, Knecht 
and Patzelt, 2004, Fuerstenau and Abouzeid, 2007). 
2.1.3.1. High pressure grinding rolls (HPGR) 
This machine operates on the principle of generating high inter-particle stresses when 
a bed of solids is compressed as it moves down the gap between two pressurised rolls 
(Tavares, 2005). It is mainly used as a pre-grinding strategy to improve reduction 
ratios in milling circuits and produces considerably more fines than conventional 
crushers (Tavares, 2005). The High Pressure Grinding Rolls (HPGR) therefore 
already produces a fraction of the circuit product, but at the same time weakens the 
particles that remain unbroken or only partly broken. Particle bed breakage that 
occurs in the HPGR has the potential to enhance liberation of minerals because 
composite particles tend to break along grain boundaries (Hosten and Ozbay, 1998). 
After the material is crushed between the two contra-rotating rolls, it will have been 
compressed to a density greater than 70% by volume (Napier-Munn et al. 1999). The 
variation of the size distribution within the discharge cake is insignificant. Therefore 
the breakage that takes place between the rolls is independent of lateral position 
(Tavares, 2005). 
Lower energy consumption is probably the main advantage of HPGR technology. 
Van Drunick and Smit (2006) conducted pilot scale HPGR tests on several different 
ore types and all of their results confirmed the energy efficiency that was expected. 
Potential overall net energy savings of between 18-25% were recorded on a highly 
mineralized Gamsberg ore in comparison with a standard ball milling circuit (van 











low grinding pressures for all the ore types that were tested. Bond Work index tests 
were also conducted on the HPGR product. These tests showed a decrease of 7% for 
hard ores and 3% for softer ores (van Drunick and Smit, 2006). Shi et aI., (2006) 
obtained similar results on lab scale with ore samples from Anglo Platinum. They 
reported energy savings between 8-29%. HPGR application in cement industries 
increased the capacity and reduced the energy consumption of five different HPGR 
circuits configurations that were investigated by Aydogan et aI., 2006. A model for 
HPGR was developed at the JKMRC that makes use of the breakage function derived 
from impact and compressed bed tests (Benzer et al.. 2001). 
The lengths of the rolls differ but longer rolls are often preferred because they limit 
the influence of the end effects. The end effects occur at the ends of the grinding rolls 
and are the result of lower pressure toward the ends of the rolls. This was also found 
by Schonert (1996) when he conducted particle breakage experiments with several 
different particle bed configurations (single layer, shallow bed and deep bed). The 
pressure near the walls of the pistons was much lower than in the centre, even in a 
shallow bed (Schonert, 1996). The end effects can also be eliminated by the correct 
recycling structure. 
Tavares (2005) conducted ore crushing experiments on an HPGR and found that it 
does in fact produce a weakened product when the single-particle breakage 
characteristics of those particles were measured. The extent of weakening was found 
to be dependent on specific energy input and greater for coarser particles. A 2.5m 
diameter industrial scale unit was used to do test work on a copper/molybdenite ore 
with granitic host rock. He found that the extent of weakening was dependent on 
specific energy input and that it was greater for coarser particles, which subsequently 
resulted in decreasing energy savings with finer size reduction of the product. A 
comparison was made between the product size distributions from the HPGR, 
hammer mill and roll crusher. The HPGR produced a significantly greater proportion 
of fines than the other two ore breakage equipment investigated at that time. 
However, in that study no comparison was made between the product from an AG 











Chromite ore samples were ground in a rod mill and piston-die press by Hosten and 
Ozbay (1998). The degree of chromite liberation and particle shape were analysed 
and the bed breakage sample from the piston-die press was found to be better 
liberated. It was also found that the particles from the rod mill had no shape 
differences as a function of particle size, but the bed breakage sample had particle 
profiles with less circularity at the fmer end of the investigated size spectrum. The 
piston-die press produced more fines than the rod mill (Hosten and Ozbay 1998). 
HPGRs are already in operation in diamond and iron ore applications. Test work on 
gold and copper ores showed considerable operational and process benefits (Knecht 
and Patzelt, 2004). 
Benefits of using HPGR technology that are recorded in literature include reduced 
energy consumption, lower wear costs, higher throughput and weakening of unbroken 
particles (Tavares, 2005). Test work on gold and copper ores showed an improved 
liberation (Knecht and Patzelt, 2004). This may be due to the micro cracks that are 
formed and the breakage that occurs around the grain boundaries instead of through 
the grain itself 
Some operational advantages of HPGRs are: 
• Pressure is the main parameter that is used to control the operation of an 
HPGR. Therefore it is easier to fmd the optimum operating conditions. 
• The residence time of the material between the gap is very small. This implies 
that after a crash stop the product can be restored to specification much 
quicker. 
• The amount of off spec material that is produced during start-up and stopping 
is much less than other wet grinding plants. 
Knecht and Patzelt (2004) undertook a study to investigate the benefits that HPGR 
applications may have for the platinum industry. They suspected that the liberation of 
the Platinum Group Element (PGE) particles would improve due to the preferred ore 
breakage along grain boundaries. They concluded that it would be more economical 











applications causes the platinum plants to revert to conventional proven technologies 
such as crushers and tumbling mills. However, the results from their test work 
indicated that the wear rates of the rolls from platinum samples are among the lowest 
of all the rock materials that were tested. Fuerstenau et al. (1990) made a 
comparative study of the energy consumption of single particles in ball mills as well 
as a rigidly mounted roll mill. They found that the size distributions of comminuted 
single particles from a roll mill tend to be finer than ball mill products on an equal 
energy consumption basis. Process efficiency, as measured by the rate of change of 
the reduction ratio with energy input, was found to be significantly higher in rigidly 
mounted rolls than in ball milling. 
Fuerstenau et at. (1996) comminuted different minerals and ores in a piston-die press 
under conditions that simulate the environment that would be encountered in a packed 
bed. They investigated the influence of bed pressure, material hardness and feed size 
on energy absorption, energy utilisation and product size distributions. Investigations 
like these have also been carried out by other researchers since SchOnert and co-
workers like Hawkins and Manlapig (2006). This may be a valuable approach if a 
quick answer is needed when investigating the feasibility of a high pressure grinding 
roll plant, especially when only drill core or limited amounts of sample are available 
for tests. 
2.2. LIBERA TION AND MINERALOGY 
Most ores that are industrially processed are heterogenous. This means that they are 
complex in composition and the valuable components are usually found in association 
with particular mineral components inside a matrix of other material that is usually 
the gangue. Platinum Group Minerals (PGMs) usually occur in association with base 
metal sulphides, often on the boundary between the sulphide and silicate. This 
association explains the high recoveries obtained by base metal sulphide flotation 
(Cabri, 1981). The purpose of comminution processes are to break these composite 
particles that consist of several mineral species into smaller pieces that are simpler in 
composition where individual particles are composites with mineral if interest 
predominant. This process, where the variety of minerals present in particles changes 











of exposure of a valuable mineral and corresponds to the potential of a particle to 
successfully undergo recovery through processes such as hydro metallurgical leaching 
and flotation. 
The extent of mineral characterisation that can be performed depends on the 
availability of time, money, and mineralogical equipment. A brief overview of some 
instruments that are frequently used in applied mineralogy follows. 
2.2.1. MINERAL CHARACTERISATION DEVICES 
2.2.1.1. Optical microscope 
Optical microscopes are used to examine slices of ore either as thin sections, polished-
thin sections or ore mounts. This can be done under either transmitted or reflected 
light or both. Minerals can be identified, their textures, associations and particle 
shapes and sizes can be observed, and mineral proportions can be determined by point 
counting. 
The optical mIcroscope IS most commonly used in the earlier stages of a 
mineralogical study in order to identify areas for more detailed study with other 
instruments (Petruk, 2000). 
2.2.1.2. X-ray diffractometer 
All minerals have unique X-ray diffraction (XRO) patterns. This is the result of their 
different crystal structures and the way in which the crystal lattice diffracts in X-rays. 
X-ray patterns can be used to identify minerals and, with the aid of Rietveld 
refinement, can be used to quantify mineral proportions. The sample is presented to 











2.2.1.3. SEM based mineral identification systems: Qemscan and MLA 
The scanning electron microscope (SEM) became a useful piece of equipment after 
the development of the energy dispersive X-ray analyser (EDX) that measures the 
composition of spots. The Qemscan or Mineral Liberation Analyser (MLA) software 
then performs a mineral match by comparison to a reference library. The SEM with 
the EDX is used to analyse polished thick or polished thin sections or even 
unmounted samples. It is used to identify minerals, but also to show the sizes and 
relationships of mineral grains. Distributions of elements in minerals can also be 
obtained from X-ray images generated by the SEM. 
The SEM operates on the principle of producing an electron beam under high 
vacuum. The irradiated material in the sample produces backscattered electrons, 
secondary electrons, and X-rays. The SEM is equipped with detectors to detect these 
signals (Petruk, 2000). 
Qemscan technology is based on a SEM with EDX and image analysis facilities and it 
gives quantitative information about the particles in the field of view. The particles 
are mapped point by point. The Qemscan can work in point, line or area mode. It 
records the number and lengths of intercepts of all mineral species, as well as the 
number and type of transitions between phases, including background. The data that 
is generated can then be used to calculate modal abundances, particle and mineral 
surface areas, mineral associations, mineral grain size, particle size and particle 
liberation (Sutherland and Gottlieb, 1991). 
This instrument also uses backscattered electrons to obtain textural info of ore 
particles. Mineral particles are mixed with graphite particles to prevent them from 
touching and to ensure a random dispersion. These particles are then hardened, 
sectioned and polished to a mirror finish. The slide is examined in a SEM. These 
serve as frames for the analysis of individual grains. An electron gun is used to scan 
the particles and then obtain X-ray counts. These X-ray counts are compared to the 











relatively slow and particles smaller than 51lm cannot easily be identified (Petruk, 
2000). 
The liberation data generated by the Qemscan is generally presented in the 
untransformed state. Therefore the results are generally made on area measurements 
for minimum bias. Modal, grain size and association data can then be collected from 
line scan measurements (Sutherland and Gottlieb, 1991). 
The MLA makes use of the most advanced electron microscopes to provide consistent 
grey-levels in a back-scattered electron image for the different minerals in a sample 
(Naidoo, 2003). The different grey levels that are obtained are a result of the 
difference in their average atomic number. Cracks and other surface imperfections 
are taken into account and the X-rays generated from the electron beam impact are 
used to verifY the identity of the minerals. A low noise, high-resolution image is a 
requirement for mineral identification and quantification. These high-resolution 
images allow the MLA to accurately discriminate the mineral phases within a particle 
(Fandrich et al. 2006) 
The MLA produces the following results: mineral species present, mineral abundance 
in volume and weight percentages, elemental assay, particle or phase size and surface 
area, mineral associations, mineral liberation and false-colour images (Naidoo, 2003). 
2.2.2. DEVELOPMENT OF LIBERATION RESEARCH 
Most ores that contain valuable minerals occur naturally in heterogeneous form. The 
valuable mineral grains are encapsulated in the gangue matrix. It is therefore 
necessary to liberate and separate these valuable species from the gangue minerals. 
This is where comminution plays an important role. The degree of size reduction 
must be enough to liberate or expose the valuable minerals, but is a trade off with 
cost. Liberating gangue may introduce other problems (Meloy and Goth, 1985). 
Over-grinding occurs when a particle that is already smaller than the required product 











consumption and also results in exceSSIve fines, which causes problems in 
downstream operations like flotation or filtering. A common remedy for this is to 
increase the re-circulating load of the milling circuit and the resulting reduction ill 
residence time reduces the effect. 
After the comminution stage, the product undergoes a variety of separation processes 
(froth flotation, heavy media separation etc) where the valuable particles are 
concentrated. The product particle size distribution as well as the degree of liberation 
that is achieved influences the efficiencies of the separation processes. It is therefore 
important to investigate size reduction while bearillg the liberation in mind. 
Several attempts have already been made to better understand, describe, or model 
liberation by Andrews and Mika (1975), Austin et al., (1993), Hsih et aI., (1995), 
Fandrich et aI., (1997), Wei and Gay (1999), Gay (2004) and many more. Andrews 
and Mika (1975) investigated the quantitative description of liberation in conjunction 
with size reduction in a batch mill. The model could be applied to heterogeneous 
minerals which contaill two mineral constituents. But the models have limited value 
because it is too complex and it is seldom that an industrially valuable ore only 
contains two different minerals. 
Herbst et al., (1988) developed a kinetic model for liberation by grinding. They 
extended population balance size reduction models ill order to accommodate two 
minerals with any number of encapsulated valuable particles. 
Austin et al. (1993) used a pilot scale SAG mill to grind ore and obtained the size 
distributions and calculated the apparent specific rates of breakage. They found that 
the apparent specific rates could not be used to predict the valuable sulphide 
distribution. The QEM-SEM image analysis technique was used and showed a better 
liberation as smaller sizes were considered. No consistent variation was found in 
liberation between the different operating conditions when similar particle sizes were 
compared. 
An exposure model for valuable components was developed by Hsih et al., (1995). 











mineral grain size, comminuted particle size and an inter-granular fracturing factor. 
However, other factors like hardness, cleavage, boundary phases, texture, and types of 
breakage were not incorporated. Fandrich et aI., (1997) developed a mineral 
liberation model for the particle bed breakage of a binary iron oxide ore. They 
conducted confined particle bed breakage tests at various specific energies and 
performed liberation measurements by QEM-SEM. Their liberation results and 
interfacial area measurements provided evidence of the existence of two forms of 
non-random breakage: preferential breakage and interfacial breakage. Their focus 
was on the existence of non-random breakage and made no comment on the 
conditions of the intensity of the breakage or energy where the best liberation was 
achieved. 
Wei and Gay (1999) developed a new approach regarding liberation for comminution. 
They characterized the liberation distribution (distribution of valuable mineral in 
particles that underwent comminution) by a dispersion rate function that is related to 
the texture of the ore. This enables the dispersion model to predict the liberation of 
the mill product when the operating conditions or feed changes. 
In 2004, Gay developed another new approach to model liberation for comminution. 
He made use of the probability theory. In this approach it is not necessary to have 
much information about the ore because the relationship between the feed and the 
product particles is estimated with the probability method. The probability in this 
instance is defined as the probability that a feed particle of a particular composition 
and size will form a particular product particle of a particular size and composition. 
This model can be applied to binary particles or even more complex particles. 
2.3 EXPERIMENTS AND OBJECTIVES 
In order to achieve the objectives mentioned III the introduction, the following 
approach is going to be followed: 
• Different methods of breakage will be used to determine whether the mode of 











broken. The methods that will be used are impact breakage in the drop weight 
test, abrasion in a mill and bed breakage in an HPGR. 
• In all the breakage experiments, different amounts of energy are going to be 
applied. This will be achieved by using different mill sizes in the abrasion 
experiments, using different drop weight masses and heights in the drop 
weight tests and different pressures in the HPGR. This means that a different 
energy input will be given per mass of ore for different samples. The size 
distributions of these samples will be examined in order to determine the 
degree of variance in the size distributions. 
• Chemical assays and mineralogical analyses will be carried out on these 
samples to determine the compositions of the different fractions and 
mineralogical liberation of these samples. 
• This is discussed in detail in Chapter 3, Experimental Procedure. 
LITERATURE SURVEY -In Summary: 
• Loveday and Naidoo (1996) and Loveday (2005) minimised the effect of 
secondary milling in abrasion testing by injecting a stream of water into the 
mill to flush out the fines and therefore provides useful size distribution data. 
This technique will also be used in this study for the same reason. 
• Tavares (2005) made a comparative study between an HPGR, a roll crusher 
and a hammer mill. It was found that the HPGR produced much more fines 
than the roll crusher and the hammer mill. Hosten and Ozbay (1998) found 
that the piston-die press produce more fines than a rod mill and that the piston-
die press enhanced the liberation of chromites. However, no comparison 
between an HPGR and an AG mill was made. In this study the product from 
an AG mill will be compared with the product fTom an HPGR. 
• Shanert (1996) found that the pressure near the walls of a piston is much lower 
than in the centre. Therefore, in this study only the material coming from the 
centre of the rolls will be used for analyses. 
• Fandrich et aI., (1996) found the existence of non-random breakage in their 











given about the operating conditions that could be used in practice to achieve 











3. EXPERIMENTAL PROCEDURE 
In this chapter the three d~fferent modes of breakage and the equipment that was used 
to perform experiments to investigate these modes of breakage are discussed. These 
experiments were pelformed in order to achieve the objectives described in the 
previous section. A detailed description of the procedure used in the experimental 
work is given. 
Two distinctly different ore types were used for the majority of the experiments. The 
UG2 platinum ore from Lonmin and a gold ore from Target Gold mine were used for 
the impact and the abrasion test work. These ore types were selected because the 
UG2 is fragile and the Target gold ore is more competent. The objective was 
therefore to make it easier to notice the different breakage characteristics of the 
different ores. A Merensky reef sample was used to investigate the extent to which 
the PGMs are liberated under different inter-particle breakage conditions. 
3.1. IMPACT 
Standard drop weight tests were conducted on UG2 and Target gold ore samples. 
Drop weight tests were also performed on a big drop weight tester. The size classes 
and specific energy inputs of these tests are given in Table 3.1. These tests were done 
in order to determine the influence of various energy intensities on the product 
particle size distributions. 
Table 3.1: Sizes and Specific Energies of drop weight tests 
Size (mm) 
Specific Energy (kWh/t) 
STD drop weight Big drop weight 
-106+75 0.4, 0.25, 0.1 
-63+53 0.4, 0.25, 0.1 0.4, 0.25, 0.1 
-45+37.5 1,0.25,0.1 
-31.5+26.5 2.5, 1,0.25 












For the standard drop weight test 80 to 100 kg of representative sample in the size 
range -106+ 13 mm was used. The entire sample was screened on 63mm sieve and 
the +63 mm material was crushed by a jaw crusher with a gap of 55 mm so as to 
generate additional particles for the tests. The original -63 mm fraction and the 
crushed material were subjected to sizing analysis using the screen sizes shown in 
Table 3.1. Random selection of the required number of particles for each set was 
made. The weight of the sample in each size class that was used for each of the three 
energy inputs was then determined and used to calculate the weight combinations, the 
drop weight mass and the drop weight height. The drop weight test procedure 
described in 3.1.1 was then followed. 
For the big drop weight test, representative sample in the size range -106+53 mm was 
used. Random selection of the required number of particles for each set was made. 
The weight of the sample in each size class that was used for each of the three energy 
inputs was then determined and used to calculate the weight combinations and drop 
weight height. 
3.1.1 DROP WEIGHT TEST PROCEDURE 
The position of the height-limiting stop on the device was adjusted so that the drop 
weight head will be raised to the required test height. The rock specimen was placed 
on the anvil with a pair of tongs. The access door was closed and the drop weight 
head was raised up to the stop. The head was released. No head bounce must occur 
when the head is released. The remaining gap between the anvil and the face of the 
head was measured for the fIrst ten specimens. The crushed particles were removed 
with a brush. This was repeated for the whole set. 
After the tests the samples were screened, usmg a root two screen senes. The 
Standard drop weight test procedure requires the samples to be screened down to 
425).1m. In this study all the samples were screened to 38).1m instead of only screening 
to 425).1m. This was done because valuable information is contained in the sub 
425).1m fraction and should be quantifIed. Considering that UG2 ore was one of the 











around 200llm (Chernet and Marmo, 2003), nothing of the phenomenon of breakage 
around the natural grain boundaries would have been observed if 4251lm was the 
finest size fraction analysed. 
3.2 ABRASION 
The abrasion tests were conducted in two mills of different sizes. Different sized 
mills were used in order to supply different energy intensities to the rocks in the 
abrasion mill. Loveday (2004) used 75mm steel balls to increase the grinding rates. 
He used a hard, quartizitic rock. The tests in this study were done autogenously to 
promote abrasion and avoid the impact breakage that may be caused by steel balls. In 
addition to this, the UG2 ore that was used is very soft and the charge of the mill 
would decrease drastically if steel balls were added. The abrasion tests on the gold 
ore could have been conducted with steel balls, but the aim was to keep the conditions 
of the milling environment similar for the two ore types. To compensate for the 
hardness of the gold ore, the gold ore tests were done for a longer time. 
A high water flow rate was used to flush out the fines to minimise secondary milling. 
Injection of water and removal of pulp from a batch grinding test offers a reliable way 
to monitor the average rate of abrasion and the discharge of fines (Loveday, 2004). 
Two mills were used for the abrasion experiments. The pilot AG mill has a small 
aspect ratio but is big in size and the torque mill has a bigger aspect ratio, but is 
smaller in size. Pictures of the pilot and the torque mills can be seen in Figure 3.1 and 











Fi!!lIrf 3. 1; Thf pi lot mill ~nd thf torquf mill 
Th~ pmec"tiure thaI w~, folknvcd for lhe abrasion lC 't ",,,k IS ,imilar 10 111..: procedurc 
followed by Loved~y ~Ild r\aidoo (1'!'J7) Inth~t in it~~1 rounding nms were conducted 
fi-OlTI fi-esh f~~d mel, to wndillOnlhe rocks for the ahras;nn le>(,_ The<c LOndillOncd 
roch wer~ lhen u,('d 10 meaSur(' abrd'l"n. Aller lhe abr~sion lc<t th(' mill w~s to)l)A:d 
up ",jng {he conditi<1ncd rocb, The ,i7e' of the rocks that wer~ used for this ,tudy 
differ< from "hat Lo,~dav and 'laidoo (1997) ,,<cd in lhat somC siLe cb,,('s W(TC ldl 
open so (bat i( "mIld hc easier to sec wben ~ rock moved into a "nailer size class due 
10 ahrasiou, They '''cd a 600mm diameter mill and in this qudya 600rnm torque mill 
and a 1_('~lTI pik>t ml ll were us~d_ 












3.2.1 SEASONING PROCEDURE 
A run was done for 11 minutes long and samples were taken every minute. The water 
flow rate for the pilot mill was lOl/min. The first sample was taken for two minutes 
long because it takes a while for the water to make its way through the charge. The 
rest of the samples were taken for one minute long. After 11 minutes the mill was 
stopped and the content was removed. One of the objectives of the seasonmg 
procedure was to prepare rounded rocks for the abrasion experiments. 
3.2.2 SAMPLE HANDLING PROCEDURE 
After the mill stopped, the charge was taken out, the contents was dried and screened 
and the different size fractions were weighed. The slurry samples that were taken 
were filtered and dried, split, screened and weighed. All the different mass fractions 
were recorded in order to obtain the particle size distributions. The number of rocks 
in each size class before and after each run was recorded to determine the amount of 
breakage that took place. 
3.1.3 ABRASION PROCEDURE 
The abrasion tests were similar to the seasoning tests, but these runs were only 2 
minutes long. Therefore only one sample could be taken. This was done to avoid 
significant changes in the percent mill filling during the test. Only rounded rocks 
were used in these abrasion tests because excessive initial chipping would occur with 
angular rocks and this had to be avoided to isolate abrasion effects. The water flow 
rate for the pilot mill was 1011min. The feed size distributions that were used for the 
abrasion test work are shown in Table 3.3. 
Three non consecutive discrete size classes as seen in Table 3.3 (Pilot mill UG2) were 
selected out of the standard root two series. This was done to avoid confusion in the 
accounting process when quantifying abrasion. The three discrete size classes were 
placed in the mill in the same mass ratio as the original bulk sample. A load of rocks 











filling. The Seasoning (3.2.1) and Sample handling (3.2.2) procedures were followed 
and four repeats were performed. The rounded product pebbles from these runs were 
used in the Abrasion experiments. 
Table 3.3: Feed size distributions 
Pilot mill Pilot mill Torque mill Torque mill Torque mill Torque mill Torque mill Torque mill 
Size class 
UG2 Gold are UG2 UG2 UG2 Gold are Gold are Gold ore 
-150+106mm 137 kq 130 kq 
-106+75mm 282 kq 
-75+50mm 241 kg 129 kg 8 kq 
-50+38mm 194 kg 21 kg 79 kg 39 kg 37 kg 
-38+25mm 358 kg 47 kg 79 kg 21 kg 20 kg 60 kg 
-25+18mm 11 kg 
Total 736 kg 735 kg 79 kg 79 kg 79 kg 60 kg 60 kg 60 kg 
The same feed size distributions were used for the abrasion tests as for the seasoning 
tests as shown in Table 3.3 (Pilot mill UG2). The Abrasion procedure (3.2.3) and the 
Sample handling procedure (3.2.2) were followed. This experiment was repeated 
twice. 
Two more abrasion tests were performed with rounded rocks, but with the feed size in 
only one size class. The first consisted of only big rocks (-150+ 75mm) and the 
second of only small rocks (-50+25mm). This was done to investigate the effect of 
having big rocks in a mill without the protection of smaller rocks and also to 
investigate the effect of small rocks when there are no big rocks present to break 
them. 
The gold ore was already seasoned from previous experiments. The mill was filled up 
to a 40% volume filling in the size distribution that is shown in Table 3.3 (Pilot mill 
Gold ore). The Abrasion procedure (3.2.3) was followed for these rocks, but because 
of its competency it was tumbled for 21 minutes long. Samples were taken every 2 
minutes. The first sample was taken for 3 minutes long and after that the samples 
were taken for 2 minutes long. This experiment was repeated twice. 
The design variables of the Torque mill are given in Table 3.2. The UG2 sample that 











experiments. The Abrasion procedure (3.2.3) was followed but for 20 minutes long. 
Samples were taken every two minutes. All the samples could be taken for the same 
time (2 minutes) because the water and slurry moves easier through the smaller 
charge. The sample handling procedure (3.2.2) was followed. This was done with all 
the feed size distributions that are shown in Table 3.3 (Torque mill UG2). The mill 
was filled up to 30% of its volume. 
The feed size distributions that were used for the Gold ore can be seen in Table 3.3 
(Torque mill Gold ore). The Abrasion procedure (3.2.3) was followed but for 50 
minutes long. A five minute long sample was taken every five minutes. The sample 
handling procedure (3.2.2) was followed. The mill was filled up to 30% of its 
volume. 
3.2 BED BREAKAGE 
The High Pressure Grinding Roll (HPGR) that was used for this study is a Polysius 
laboratory scale model. The studded rolls are 100mm wide and the diameter of the 
rolls is 250mm. The capacity of this model is 1-4 tons per hour depending on the 
operating conditions and ore. The motors of the HPGR are fitted with instrumentation 
to record the energy consumed draw in kWh. The product conveyor belt is fitted with 
a weightometer for measuring the total mass of the crushed material. The maximum 
hydraulic pressure setting that was used was 150 bar and that of Nitrogen pressure 












Figur~ 3.2: I he lab ,rale HPG R 'lil t! ,1 >tudd~d ro ll 
Tnc zero ga p between the rolls i, the 'p~rc lxlween Ih~ rolls when Ih"rc is no matcrk'll 
f>ctw een the ro1l8, Th~ minimum zero gap ofthi~ unil i, lmm to prevent ,he roll, 
from damagmg each other alld the maximum is 9 nUlL bUl it is lLslLally upemtcd 
hctwecn 2·4mm The woriling g"P IS the space Ixll'~~n the roll, when ore IS f"d, 
The "orking gap is al;,ays bigg"r than Ihc zero gap because the f10alillg roll,fl)w, 
away fi-om rhc fixed ro II when it is operalillg. The pr~ssUl e ""Hings, ked pa ltide ~iz" 
~nd Ore type WI ll intl u~nee thc ditlcrenc" hcru.-cen th" nro gap and the working gap, 
The ~pp'o ,~umk O[>Crating gap can be dctcrmincd hy me"~uring the lhi<:kne>s or the 
prOduCI cakes, I he maximum feed top ,'lL~ lhat tills unil can take is 20mm bUI 12mm 
is prdcrred, 
A no load rlln was done bell)re Ib" c,-pCrinK'l1lS so lbal the no load pow"r draw ofth" 
HPGR can I:>:: subtracted from Ihe actua l powcr draw IIndcr load The ore i ~ put inio 
Ib" feed ho pper allhe top oflhe HPG jt lISlllg tbe leed conwyor belL Th~ sfX' ed of 
the lc~d conveyor bdl can I:>:: vari~d Ther" is a levcl scn<,(ll III Ihe hopper at the lOp 
of the HP(;R and Ihe spccd o f lhc f"ed conHyor helt '-'Ill he "djll'led a<:cordingl". ill 
order to ile~p the level of ure III lh~ fe"d hopper high. This ensllr,,~ that lh" 111'(;1< i, 
opc..-aled IInder choke lc~d eunditions, 11 is important to choke tCcd the IIPGR to 
achIC,"" high pres,ure Inler-panicle breakage I 'he disciKlrge ,,1' the HPG R " onlO IlK-
produ~, conv~~"'r bell, which tak~~ llw truslwd ur~ to the product hopper IhM "mpties 
inlO" bu lk slorage hag, llIc d"charge of the III'GR i" us ually in lhe l( )rm of cakes or 











However, the formation of flakes depends on the ore type. These flakes can easily be 
de-agglomerated given that the ore does not have high clay content. A summary of 
the tests performed using the HPGR is given in Table 3.4. These tests were 
performed in duplicates. 
Table 3.4: Operating conditions of HPGR tests 
Pressure (bar) Force 
Ore type 
Zero Gap 
Nitrogen Hydraulic (Nlmm2) (mm) 
20 30 1.5 Merensky 2.3 
30 48 2.39 Merensky 2.3 
40 60 2.99 Merensky 2.3 
60 90 4.49 Merensky UG2 2.3 
90 120 5.99 Merensky 2.3 
120 150 7.48 Merensky 2.3 
EXPERIMENTAL PROCEDURE - In summary: 
• Drop weight tests were performed to determine the influence of different 
energy intensities on the product particle size distribution. The drop weight 
tests were carried out on UG2 and Target gold ore. 
• Abrasion experiments were performed in a 1.68xO.597m pilot mill and a 
0.57x0.485m torque mill. This was done in order to see how the breakage 
changes when the size and aspect ratio of the mill changes. Another objective 
was to produce samples from the abrasion mode of breakage for further 
analyses. 
• The effects of various operating conditions were investigated on the HPGR. 
This was also done in order to produce samples for further analyses and to 











4. RESULTS AND OISCUSSIO:\, 
I'his chapter conlams Ihe resulls obudl/f;:dfmm the le.<t ""rk cnnducled on the drop 
lwixht '<'siers, the abrasion mills and Ihc high pressure xrindinx 1'01/." The r<,,,,,/ts oj 
the Mi/lewlng)' Ihat ",as peifar",ed On seleele" samples Fom these test< are gin'" 0"'/ 
each seclian pro I ides Ihe inlerl'rClarinn and discu,<s;on of Ihe,le res"lls, 
4.1. Ii\U' ,\,CT BR EAKAGE 
rhe lmpal"l br~akage o:.perimem, were perf()nned,.., tllC Slaniliml JK Jrop weighltesl 
(sue -16~13 ,2mm to -63+53111111) and th~ Minlek Big drop weight test (size -
63+53mm 10 -l50+ lOlimml. The sue, of the dilferent '<ample. and lhe sp"~ifi~ 
energie, lMl were appli ed to break these samples are gj~~n In T~ble 3.1. The tcst s 
were pcrlOl'llled on lJ(j2 me and Targct gold otT, The pmducl panick Sl7~ 
distributions of!11C <Imp weigflltcSls pcrfollned 011 the lJ(J2 ore are giwn in Figure 
4.1 Fm toc ol'Crlapping size lbe apparalus that w~S used is indicated JK lor lbe 
stan,b rd drop welghl test and \1 for the big dmp we ight test, 
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I he size dist n hutK>ll.' s hownller~ ar~ !()I the. IOl,h hrohn at O.25kWh/ton becau,e it 
was Ili c (lnly cl£ rgy iIlp"t tllo l CCI "kI be applicd 10 all the sins, Thc rest of the , ;ze 
dislributl(>ll d.lIa can he , e·e·n 10 AppendIX A rh~ expenn",nta l lLU val ue., w~ru 
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In Tahlc 4 .1 , the calLUlaleJ A "IlJ h val nes lor UUl and T~rg~t or~ ~rc givcn. The h 
va )uc' for lhl' l :Gl or,' IS ~ncra l ly highcr t han for Tnrll~t ore and indic al~1 lh"l 11K; 
U02 orc is fragile in CO I11!'",i " lHI O lk T"rgl1 on:. 
T~ble 4.1: C~kul~ted.\ and h \alue~ for IIG2 and Targd He 
nlC rc is ~ significal1l diffe'~nc~ m lhe shap'" of Figurl' 4.) ""d I'igur~ 4.). This is 
heC"use lhe chro mil ~;; prl,sent in 1.1 0 2 orc lc nd to rn-cak around nalural gra in 
bou n dari~s, which is aroul'"j 200 fllTI (Ch"m~l ami ~brmo , 2(03). It ca u s~s (hc 
inf1 ~LlioIl poinl lTI Ill.: l:urw, oftlk: l :Gl sil~ di stribut ion wb.;:rc the Tarll~ gnlJ siz~ 
J is lribut io ll is smooth. Til is is hetkr il lustratcd in Figure 4.5 :Uk ! Figure' 4.6. 
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4.6 is important because the !1alur~ 1 gmin "7C' "fllle ~hrom ilcs playa ro h I'hi~ lS 
al,o lhe size range that i~ 100,1 imporl,ml in terrm of likmtion amI recovery bccaus<: 
pcrrticlcs bigger than 400 ,..1ll C.UI not be fcoco"cred by flotation. The same t rend was 











The experiments conducted in the pilot and torque mills are described in this section. 
These tests were primarily performed to investigate abrasion as a mode of breakage 
and to determine what influence of different mill diameters has on the breakage. 
4.2.1. PILOT MILL 
The pilot mill has a diameter of 1.68m and length of 0.57m. The rest of its design 
variables are given in Table 3.2. The masses of the four initial rounding runs that 
were done on the UG2 are can be seen in Table 4.2. The pilot mill was filled with a 
batch of 737 kg fresh are for each batch. The mass of 737 kg, representing 30% 
volume filling, was made up of rocks in three discrete size classes as shown in Table 
4.2. After II minutes the mill filling for batches I, 2, 3 and 4 dropped from 30% to 
17%, 18%, 16% and 19% respectively. 
Table 4.2: Initial rounding runs to prepare rocks for abrasion tests 
Size (mm) 
BATCH 1 BATCH 2 BATCH 3 BATCH 4 
t=O t=11min t=O t=11min t-O t=11min t-O t=11min 
-150+106 137 69 137 73 137 65 137 70 
-106+75 0 29 0 29 0 30 0 28 
-75+50 241 58 241 50 241 50 241 52 
-50+38 0 53 0 65 0 67 0 59 
-38+25 358 81 358 92 358 69 358 137 
-25+18 0 54 0 56 0 48 0 55 
-18+12 0 35 0 32 0 28 0 31 
-12 0 45 0 41 0 36 0 38 
Total 737 423 737 441 737 393 737 470 
Mill filling 30% 17% 30% 18% 30% 16% 30% 19% 
During these four runs 10 slurry samples were taken. The wet and dry mass data can 
be seen in Appendix B. The trend that is expected in this kind of experiment is the 
typical quick loss of mass as a result of the initial chipping (Austin et aI., 1987). Then 
the rate of mass loss slows down as abrasion takes over and chipping decreases where 
the wear rate is very slow and the mass loss is almost constant. It can be seen in 
Figure 4.7 that the mass loss is rapid at first and then it slows down to stabilise 











the ~vcr~ge spceilk r~te sl~bl lLsed quickly , The M~ss li'aclion remaining in the mill 
and averag~ srecitic dischar~~ r::tle of ,,, lids shown in Figure 4_7 is for !mldl 4, the 
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Figure -1.7: MIISS frm't i"n r<'m~ining in the I'il"j mill li nd a\'crllge specific 
dis<"h'lrj!:e r~te (Bakh-l) 
Eoch of the ten , lurry "11np1cs wa, screened Ii-om the top ,ize down to 3Brllll. An 
examp l~ of the re_,ultant ~i7" di_,tnlml ion of all the s lulTY _,ample_, of one of !h~se run, 
is giwn in Figure 4X TIle clIIllul~tiye siz.e <.li,tribut ion data for lIHtch 1,2, 3 ~n<.l 4 
can be seen ill Appendix It Ln Figur~ 4,S, it c~ n oc ,een 11tHt the ,ize <.li,tribmion of 
the fIB! ,luny _<ample, thaI were tak~n at 2 minutes are the wm,est anti the Sift 
distribut ions tll<:n get finer ~nd the 11th Illlllll1e slu rry s~Ill[Jks arc The finest. The 
condit ions uoo er which these tes.ts wcre perfomlCd wcre i<kntK-Hl. Rcpl:~tHble rcsult s 
LO ult! therefore he expected_ In all nmr batches tflc specJf'ic di.,d'[.-'lrge r~te reaked at 4 
minutes ~fter start-liP (see figllre 4 .8), This mc~lIS that the lines tlut were genemt ~d 
hy the mitial ch ipplllg phase werc heW back by the chargc and lhl'fc/ore the dIscharge 
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Fi !::ur~4,9! Inilial rounding ,i~c dislrihuli"n, 
F n)m t ni, d<ila Inr"" size, were ,dec leu namely J 8"'I1~ I 06 ,., m ,,,Ill 11 ~O~ m to osscss 
the d.an;>;e lIllk mte ofproductioJl of/inc, with timc, In Figurc 4.lO tne trem! fi,r 
rhc prcxiuctKm of fine, in Ihe .,~,.,rn fraclK'" orlh~ mill dis<" lllUgl' ;IIcrl.ases fromlhe 
2'" min ul e to lhl.ll,h minute. The increasc in the ratc of-3g,.,m fltle, pmduLlioI1 
from the 2'" 10 the 4" minute is quic k and then hemme, more ,table ~fter that. Tk 
rate of fine, prmhl<: t;on ll1lhe 1 06 ~lln SiLl' /i"lwtion shows 0 much morc ropid inc reasc 
'10<1 only bec()mcs more consi,lcnt aftc-r Ihe g'" mll1ute. -I he rate or pm<i locllOl1 or 
fi nes in the I I RO,lm , in cola" shows only an incm.w octv.'ttn the 2" ; ond the 4th 
mm ul e. After lhat lhl' rallo or fWl" prod uction is conslon!. 
This means thai in lhl' lirsl ten minutes of 0 grind out test with angulur m"k, in ~ pika 
scak AG mil l lhe rate of di,l'hm~e of the fine, willmcrell'c rapidly in the Jir,1 two 
rllln ul es ~nd then occome morl' con<;lanl. Figure 4.1 tI thcrd()rc snows that the mte of 
pmduction oflne fines in the,e three SIZe fraclion<; eh.lllges O'·l'r tlillC . Varioti ()ns in 
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One of llIte ohlCdi\eS oj' lhcoc runS "as to prepare the rocks ti,t the abrasion tests. 
These fOlluded L.(;2 fods were llsed in a" attempt to isolate abr:H~ltL 'J hi, lime the 
number and mass of rocks "ere rewrdeLi in onkr 10 ddenn illc II", am[) LLni or 
hreakage Iha ll""k pbce during: the c,,-pcrirncnt The mass and number oftl)C rocks 
Ihal "ere pUl Ulto the mill", we ll as the Ina", and number of the [()~ks thai remalIlct\ 
aller the 2 minute kmg run arC given in Table 4.3. 
The same init ia l mill filling (10%) was used as in the nlumling e~renrn" nts_ n", mill 
was only run I,)r 2 minules ill an allempl 10 leep the conlenlS of the mill constant. 
The cJwge \\as Then rcmo,"cd, screened, weighed and the rocks counled The mill 
was tilled with the remainder of II", rocks fTom tl", 2 mmule run that waS still ill lhe 
size classes ofintelcst anj topped up with the conditioned rocks from the initial four 











Table 4.3: Abrasion test on the pilot mill 
BATCH 1 BATCH 2 
Time (t) t-O t=2min t=O t=2min 
Size (mm) Mass Number t=2min Number Mass Number Mass Number 
106 137 33 117 27 137 31 91 19 
75 15 6 39 12 
50 241 583 198 473 241 581 196 482 
38 32 185 29 109 
25 358 5231 276 4315 358 4443 281 4522 
18 33 1042 38 1165 
12 10 976 10 921 
Total 736 5847 681 7024 736 5055 684 7230 
Mill filling 30% 28% 30% 28% 
In Table 4.3 the significant increase in the number of rocks after the run shows that 
many rocks were split and broken due to impact breakage. For batch 1 the initial 
charge comprised 33 rocks in the -150+ 106mm size class and after the 2 minute test 
27 rocks remained. It was observed that 6 rocks moved down to the -106+75mm size 
class as a result of abrasion (the -106+ 75mm size class had no material in it initially). 
Afterwards these rocks were inspected and no chip marks were found, they were only 
more rounded. Similarly, from the 583 rocks in the -75+50mm size class 473 
remained in this size class while 185 rocks where found in the -50+38mm size class 
which was initially empty. The number of rocks that remained in the same size class 
and that was found in the size class just below it do not add up to 583. This means 
that some rocks broke in such a way that the progeny rocks were still in the same size 
class, or a big enough piece of the original particle split off for it to be in the -
50+ 38mm class. Table 4.3 shows a significant increase in the number of rocks in the 
smaller sizes while the numbers of bigger rocks did not change significantly. Similar 
results were obtained for batch 2. 
A similar abrasion run was conducted with rocks in the two top size classes only, -
150+ 106 and -106+75. The number and mass 0 f rocks before and after grinding for 2 
minutes are given in Table 4.4. It can be seen that numerous rocks were broken into 











Table 4.4: Big and small rock abrasion tests on the pilot mill 
BATCH 3 BATCH 4 
Time (t) t=0 t-2min t=0 t=2min 
Size (mm) Mass Number Mass Number Mass Number Mass Number 
150 491 77 143 33 
106 94 244 94 
75 49 81 
50 11 152 673 1667 534 865 38 11 63 6041 5348 
25 6 238 79 1334 
18 6 776 23 4999 
Total 491 171 470 1437 673 7708 636 12546 
Mill filling 20% 19% 27% 26% 
This shows that the smaller rocks in the first two abrasion runs provided a sort of 
cushioning effect that protected the big rocks from breaking as the big rocks only 
broke the smaller rocks. In the third abrasion test the big rocks broke themselves. For 
the fourth batch, only small rocks were put into the mill and the results given in Table 
4.4 indicate that breakage events took place and generated rocks in the sub 25mm size 
classes. The observations in this series of tests lead to the conclusion that the mode of 
breakage that was obtained in the pilot mill was a combination of impact breakage 
and abrasion. 
A more competent ore, Target Gold ore was then used for further test work. This ore 
type was selected because it is much harder than UG2 and therefore more difficult to 
break, however it is lighter than the UG2. The Bond Ball Work Index for UG2 is 
15.61 kWhJt and 17 kWhJt for Target Gold ore. This was also done in order to 
compare the breakage characteristics of a gold ore to the breakage characteristics of a 
platinum ore. These rocks were well rounded from previous experiments. The mill 
was filled to a slightly higher percent filling. Fewer breakage events took place in 
these experiments as shown in Table 4.5. 
Table 4.5: Abrasion tests on Target Gold ore 
Size Run 1 Run2 
t-O Number t-21min Number t-O Number t-21min Number 
106 130 39 112 33 112 33 98 29 
75 282 223 108 209 108 209 208 163 
50 129 328 261 293 261 293 118 278 
38 194 1424 134 998 134 998 93 624 
25 28 394 23 340 
18 3 141 112 
12 2 198 
Total 735 2014 648 2266 615 1533 540 1546 











Only one batch of rocks of 735kg were availible for these tests. This was the same 
mass that was used for the UG2 tests. However, the Target ore has a much lower S.G. 
and it filled the mill up to 39% as seen in Table 4.5. After screening out the fines of 
batch I only 615kg was still available in the bigger size classes to do a second run. 
These runs were carried out for 21 minutes to make it easier to see the breakage that 
took place on this competent ore type. 
4.2.2 TORQUE MILL (600mm) 
The torque mill has a diameter of 0.597m and length of 0.485m. The other design 
variables are given in Table 3.2. In the torque mill, more breakage occurred as a 
result of abrasion than impact breakage. This could be observed in the similarity of 
the numbers of rocks before and after each test on both ore types. All the rock 
samples that were used in the torque mill experiments were rounded from the 
experiments described in section 3.1.1. Three size classes were put into the mill. The 
speed of this mill was set at 75% of critical. The mass and number of rocks in the 
charge were recorded before and after each run as shown in Table 4.6. 
Table 4.6: UG2 Abrasion tests on the torque mill 
BATCH 1 BATCH 2 BATCH 3 
Size class -50+38,-38+25,-25+18 -50+38,-38+25,-25+18 -50+38,-38+25,-25+18 
Time(t) t=O t=20 t=0 t=20 t=0 t=20 
Size Mass Number Mass Number Mass Number Mass Number Mass Number Mass Number 
50 21 95 15 65 21 98 16.1 79 21 102 16 84 
38 47 714 37 573 47 728 33.58 571 47 799 39 615 
25 11 393 12 406 11 403 13.70 461 11 393 15 498 
18 0 0 2 173 0 0 1.96 147 0 0 2 128 
12 0 0 0 54 0 0 0.16 47 0 0 0 40 
Total 79 1202 66.14 1271 79 1229 65.50 1305 79 1294 72 1365 
Mill filling 30% 25% 30% 25% 30% 27% 
It can be seen from Table 4.7 that that the number of rocks in the smaller sizes 
increased. It can be deduced that using only the small rocks did not reduce the 
breakage that took place during a 20 minute long run. The reduction of the mill speed 
reduced the breakage slightly as seen in Table 4.7 for batch 9. The slurry size 











Table 4.7: VG2 Abrasion tests on the torque mill 
BATCH 4 BATCH 5 BATCH 9 
Size class -38+25 -38+25 -38+25 70% of critical 
Time(t) t=0 t=20 t-O t-20 t=O t=20 
Size Mass Number Mass Number Mass Number Mass Number Mass Number Mass Number 
38 79 1301 57 968 79 1335 55.415 944 79 1256 58 939 
25 11 320 13.89 383 10 261 
18 1 67 0.60 53 1 89 
12 0 36 0.05 16 0 23 
Total 79 1301 69.52 1391 79 1335 69.96 1396 79 1256 69 1312 
Mill filling 30% 26% 30% 27% 30% 26% 
A similar set of experiments was done with bigger (-50+38mm) rocks. The results 
can be seen in Table 4.8. It is similar to the results shown in Table 4.7, with the 
reduction in mill speed again reducing the breakage. Therefore the lower mill speed 
cased slower abrasion rates. This is in agreement with the literature in that the 
specific rate of abrasion can be correlated with the power intensity of the mill 
(Loveday and Naidoo, 1997). The number of rocks retained in the top size is higher 
for the slower mill speed, but the mass loss is similar. 
Table 4.8: VG2 Abrasion tests on the torque mill 
BATCH 6 BATCH 7 BATCH 8 
Size class -50+38 -50+38 -50+38 speed 70% of critical 
Time(t) t=0 t-35 t=O t-35 t=O t=35 
Size Mass Number Mass Number Mass Number Mass Number Mass Number Mass Number 
50 80 386 47 245 80 402 45.84 245 79 426 51 266 
38 16 151 14.83 140 12 124 
25 1 23 0.65 16 1 15 
18 0 21 0.72 43 1 37 
12 0 30 0.1 49 0 16 
Total 80 386 63.54 470 80 402 62.14 493 79 426 64 458 
Mill filling 30% 24% 30% 24% 30% 24% 
More abrasion tests were then conducted usmg Target Gold ore. Only abrasion 
breakage took place as the number of rocks before and after the tests were exactly the 
same. This can be seen in Table 4.9. The size distribution data of the Target Gold ore 











Table 4.9: Target Gold Abrasion tests on the torque mill 
BATCH 1 BATCH 2 
Size class -50+38,-38+25 -75+50,-50+38,-38+25 
Time (t) t=O t=50 t=O t=50 
Size Mass Number Mass Number Mass Number Mass Number 
75 8.57 15 8.32 15 
50 39 258 37.08 255 37.08 253 34.19 239 
38 21 245 19.88 248 19.88 248 19.55 258 
25 0.11 4 
18 
12 
Total 60 503 57 503 66 516 62 516 
Mill filling 30% 28% 33% 31% 
4.3. BED BREAKAGE 
HPGR test work was perfonned at 6 different operating pressures. The pressures and 
the specific press force (N/mnl) as calculated from these pressures can be seen in 
Table 3.4. The tests were conducted on Merensky ore for the full range of operating 
pressures and on UG2 ore at one operating pressure. The size distributions, energy 
consumed and the throughput of these tests were recorded. The zero gap was not 
adjusted between these tests. The top size of both feed ores were <12mm. 
The cumulative size distributions of the feed and the product for the UG2 ore can be 
seen in Figure 4.l 1 and for the Merensky ore in Figure 4.12. Tests were conducted at 
the operating pressure of 60 bar Nitrogen and 90 bar hydraulic. The specific press 
force (F) exerted by the rolls in (N/mm2) and the specific energy (E) in (kWhlt) for 
these settings can be seen in the legends of Figure 4.11 and Figure 4.12 and are shown 
for the product size distributions. The raw size distribution data is given in Appendix 
C. The relationship between pressure and specific press force is also given in 
Appendix C and the method that was used to calculate specific press force from 











; ---+--- UG2 Feed 
1---.- FZ 4.49, Ez1, 774 
, 
, .. 1000 10000 100000 
Size (~m) 
Figure ".11: CumuJaTi,'~ si~c dis1 rihutinn, rur LG2 nre 
"" 
, 
" "" Size I~ml 
1 0 00 
-+- Merensky feed 
: ___ F=I.r:.o ,E=1745 
: --'-F=2:l9,E=2372 , 
I --.- F- 299 E- 2758 i 
i I --*- F=449 E=291
J II --*- F=5 99 E=J 397 I I --+- F-748 ~=_J400 
I 
10000 
Figure 4.12: C:umulati\'c .;zc lli,lt-ibnl;,,", "'I' J\Icrcnsky nrc 
Pictures of the feed and the prod ue1 from the III'GI{ "~n be seen In Figure 4.13 for the 
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Figure -1. 13: I'ietun's "r t h r~d (al and product (b) of the IIPGR 
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I he per~ellt pa"ing 75,..n l. 300~lm and Wll.llm for the Merensky ore are shown in 
Figurt 4.15. A sharp increase in the perc~ll t pa"mg the glvcn m~sh , uc up to 
4N/mrrf w~s oost[,cd for all SlZtS. Whcn the spccif><: prc" f(lT~e " increased 
ocyond 4N/mm' thc gr ind no ""'ger gets iin .,,- hut Ihe energy consumption still 
in~rea"" a, ,een III Figur~ 4.14. Thcrdon: tb~rt is Ill' benefil in ,'perating heyond 
4N/nun' lor th is ,'re typc arwi "permlllg beyond 4N/mm' will only result m 
unneccssary energy loss~,. 
It can he observed that tl><: tr~nd lines for all thre~ curves me"rC<lS<C up III 4 N/mm' buT 
do nOl int[~ast signil"icant Iy t hereatler. It may therefore he concluded tha i an lIK"CaS~ 
in 'pec ifi c pre" f('r~~ provllics a llocr grind. bUl only lip to a cClt ain tilrcsb"Kj that 
was found to be 4l\/mm' lor thi., arC typ<: o 
BO~-·· _ _ ··· - -- , 
I -SUDl5"1~  70 • S\,~ ~m 
• ~u: l~ I I 




, • • , , • I ~----, " / i " • • -.- .. - - .---~ 
10, ----------, .~ 
" 
, • .----------'--, , 3 , 5 6 , S 
Speclf;c Pm&S Force, N.mm·2 
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Mineral liberation analyses (MLA) were conducted on certain samples to determine 
the liberation of PGM grains in key samples and to compare it with other samples that 
were broken under different conditions. Initially the chemical compositions of all the 
samples from breakage experiments that were carried out were determined. The 
objective of the chemical assays was to obtain useful information about samples that 
could be used to narrow down the number of samples for MLA. 
For statistical reasons, no impact breakage or abrasion samples were analysed, 
because the fraction of fines obtained from these modes of breakage per test was 
insufficient for these analyses. A UG2 sample that was broken in the AG mill was 
used as a combination of impact and abrasion breakage. This mode of breakage 
produces enough sample mass to carry out a statistically significant analysis. A UG2 
sample broken in the HPGR was also analysed. This was done in order to make a 
comparison between the compositions of the screened products of the two modes of 
breakage. Merensky samples that were crushed in a HPGR under various operating 
conditions were also analysed. A detailed discussion is given in this section. 
The liberation classes of certain samples from the HPGR and the AG mill products 
were analysed with a Mineral Liberation Analyser (MLA). The MLA provides useful 
information about the number of PGM particles found in each liberation class as well 
as an indication of the volume of these particles. There are six liberation classes and a 
description of each liberation class is given in Table 4.10. An example of the modes 
of occurrence in these six classes is given in Figure 4.17. 
Table 4.10: Description of Liberation classes 
L Liberated PGMs 
SL PGMs associated with liberated BMS (Base Metal Sulfides) 
AG PGMs attached to Silicate or Oxide gangue particles 
SAG PGMs associated with BMS attached to Silicate or Oxide gangue particles 
SG PGMs associated with BMS locked in Silicate or Oxide gangue particles 
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Table 4.12: Main minerals in Merensky that occur in association with PGMs 
Mineral name Formula % ofPGMs Group 
Tetraferroplatinum PtFe 37.8 Alloys 
Cooperite PtS 15.8 Sulphides 
Moncheite PtTe 13.8 Semi-metals 
Kotulskite PdTe 6.5 Semi-metals 
Maslovite PtBiTe 3.8 Semi-metals 
PtAs 2.5 Semi-metals 
Other 20 
4.4.1 COMPARISON OF LIBERATION ACHIEVED ON A UG2 SAMPLE 
WITH THE HPGR AND AG MILL 
Table 4.13 shows the assays that were performed on the UG2 samples. The rest of the 
data that was generated by the ICPl analysis can be seen in Appendix D and include 
the percent Mg, AI, Ca and Fe in these samples. 
Table 4.13: UG2 impact & abrasion and bed breakage 
Size 
Bed breakage Impact & Abrasion 
Si (%) Cr (%) Si (%) Cr (%) 
300 11m 11.80 14.75 9.75 17.00 
212 iJm 7.20 20.50 6.96 20.40 
150 iJm 7.52 20.20 7.03 21 
106 11m 9.30 18.35 9.28 18.5 
75 iJm 12.00 14.60 10.8 16.3 
53 11m 13.20 13.20 12.3 14.5 
38 11m 13.20 12.80 12.25 14.35 
In Table 4.13 it can be observed that the majority of the chromites are in the -
212+1061lm size range. This is because the natural grain size of the chromites is 
closest to those two classes. Nevertheless, the -381lm fraction was chosen for the 
MLA in order to compare the liberation that is achieved with an AG mill to HPGR 
because that is the fraction that is already ofrecoverable size. 
The volume % of grains is given in Figure 4.18 to compare the liberation classes of 
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From lht' % volll rn~ 11", HPGR prOOLLl'j samples show bdlcr hb..;mll() ll of t& PG/>.l 
tha n l h~ AU mill product s.arnl'1c in th~ T class . However th e AU min product hac! a 
hlghcr vo lume of hl>erated pani<:ks in the SL cla,,_ rill' prescnce' ,,( nuggets in Ilk: 
sample tn"y ,kc\, lh~ rc,ui1s . 11 is th~rcf(\rc r~c(\mm,,"dcd that both the Jlutnocr of 
l'Gr>.l grains observed and th~ ,,(}Iumc % lx wnsidcr<:d in lht' analysis r(}r e:Kh 
lilx:ratiou class , A comparlSOJl "fthe liberatioTl c1a,,~s iJllcrms oflhe c umulaliv~ 
number ofPU"t graliis Ii:Cltn lh~ IlP(;R product ,"'npk 10 Ihal Oflh~ At; mi ll product 
sampk 1S glVCl1 In Figure 4. 19. I'he iirn:ration da,,,s ar" presented a, a proxy fin t he 
grad~ and II", cllt)lulatl~~ numbcr of grain, as a proxy lOr rcco\'~'(y to g~ a pseuoo 
gmd" h'COWry cnrvt' ( H""hr d aI., 21 H 17). 
It "an ht' s",'n thai simIlar ,,,s,,lis to what was oh'"TYed t()r the vo lume % were 
obtained with the number of grail". FrolTl the illustral ~>n in Figllre <1, I 7 ~ can be seen 
Ihat t h~ PU", gmin, arc cxpos.cd only in the Land SL lioemliun d"s>~" Thcrdor~ If 
tht' IInmber of grains in Ihe I. and SL "las,es in Figure 4.19 is consilkred, Ihe 100ai fo , 
the HP(;R proJuct is 75 gra ins wh il e tl1.lt for the AU mill product sample j, 85 gra ins, 










J81Lm suc leaclion. H(}wc,'cr. the si"e diSlribul ion of the ,Ilb J~f1m m~te1'iol w~s 
never determined. If on extf~poblion i, made on hOlh the HPGR and the ACi mill 
~iLe di,lrih ul ions. lhe sub .l~llm ACi mi ll ;arnpJe is finer than the IIPl;R san:vlc. 
Thereforc it may be the Case that lOC suI> 3~ILm AG mill sample i, lil>eraled much 
bc1ler. but nOlnecessari ly recmerable a, a large fraction of the AU mill ,ample may 
Ix: sub I Of' m :1 nd dillicult to ITCUvCr via lkltatl()n. 
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Fi~ure -1. 19: I',~ ud" ~I· .. de recuvery c une for t he HPGR 'Illd AG mill <ample 
ror L G2 
rile vo lmne .', and the numher of grains per huudred to mKi in each liberalion cia" filr 
lhe HPGR and AG mill product sample tor UU2 is gi\'Cn in Appendix E. 
-1.-1.2 CO\II',\IU SON OF TIII( I·:F F ECT OF OI'ER"TI.~G I'RESSt;RI': ON 
UIWR.\ 1"I0"'l\Clln:VI-:D '''ITII AI\' III'CIt 
Fire assay for P(;\1 analy,es werC c(}nductcd On all the' Merensky reef ,ample, that 
"ere broken in the Ill'l; R. r his wa, done 10 dete rmine the enCCl of the ditlcren( 










samples. Table 4.14 shows the PGM and Au data as cumulative percent of total PGM 
and Au for each of these operating pressures and the cumulative size distribution data. 
The coefficient of variance between the 48 bar sample and the 150 bar sample is also 
shown. 
Table 4.14: Merensky fire assay for PGM data for 30 to 150 bar 
PGM + Au (% of total PGM + Au) 48 and 150 
Size (IJm) 30 PGM 48 PGM 60 PGM 90 PGM 120 PGM 150 PGM Co of var (%) 
10000 100.0 100.0 100.0 100.0 100.0 100.0 0 
1000 84.0 90.4 89.2 89.8 74.7 87.8 2.89 
425 65.8 78.0 78.0 72.2 64.4 74.2 5.07 
212 48.6 64.7 64.8 57.0 54.4 62.2 3.98 
150 33.6 47.3 48.7 38.8 40.4 50.5 6.55 
75 19.6 35.0 36.3 25.8 20.6 38.3 8.97 
38 0.0 20.2 21.2 14.6 10.6 22.0 8.63 
mass (%) 48 and 150 
Size (IJm) 30 bar 48 bar 60 bar 90 bar 120 bar 150 bar Co of var (%) 
10000 100 100 100 100 100 100 0 
1000 61.56 69.75 73.66 66.82 71.95 68.52 1.79 
425 42.47 48.43 50.52 46.95 49.16 55.35 13.40 
212 28.22 31.38 32.22 33.94 32.69 32.10 2.26 
150 22.30 24.50 24.67 25.38 24.74 24.53 0.11 
75 13.26 14.20 13.14 15.14 14.73 14.19 0.10 
38 4.61 3.50 2.69 7.35 7.74 5.73 51.24 
In Table 4.14 the coefficient of variance is small except for the smallest mass % 
value. However, the g/t PGM values were similar. These runs were repeated and the 
product samples were also analysed. The results were similar and therefore 
repeatable and can be seen in Appendix E. Three feed samples were taken as belt 
cuts. They were also screened and analysed and the data can be seen in Appendix E. 
The liberation of four Merensky samples was determined. They were the -38f.lm and 
-75+38f.lm fractions crushed at a higher specific press force of 7.5N/mm2 (150 bar) 
and at a lower specific press force of2.5 N/mm2 (48 bar). 
In Figure 4.20 it is observed that a higher percentage of the volume is liberated in the 
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ri:::ure 4.20: Volume % uf:::rains fur each libera(ion chis. for (he I~ PGR Lower 
anti ll igher Spedtk Pre" Fnrces of i\IcTCnsky 01'£ in t h£ ,lib 3MI'm 
However (he number of gr~ins l fla( occun; ill (be lown r sample is higher (hau [be 
nIlHlbc'roJ"grains in (he high"1' P sample ofthe L cl~ ss. Th,' opposi te' is lnlC 101' the SL 
cla",_ This can al,o be ()h,erv~d in Figure 4_21 where th" cumulative numher of 
gffi!J\S lor cdCh libcralion c1%s lS show n_ 
1 L • SL • 
" " AG 0 • I-igh P ., 
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Figure4.2 t : Pseudo :::rrrde r~u'ery fll"e for (he 1l ('G I{ L",.er alltl Higher 











The [OIaloUl'n!:>";f oj" PGM gra ms occurring in bo lh Ihe L and SL (')asses together j, 
c~ lIal. It m~y II.,re[ore he "",d llded Ih~l the effect of operat ing pl'cs,urc on the 
iiocl':lI ion o£ll", sia cia" i, IlOl signir",auL 
TIl<,; \olume %, an d the nllmber of gmim. per hundred found in eoc h l iherati(~l d~ >s for 
the Hl'GR product ~mpk for the suh -,l( ~ nl size j,. ~ct ion of the Mcrcnsky " ' mplc is 
giwn in Appendix E. ThcrcRlTe if l"'lh ,'olume ~nd number of !,:r~ in s ~re con s i d~l'"d. 
the hi~lx;r pressur" gave octter liberation of the sub 3R ~"n fract ion. How~\'er, Ihe 
extent 10 I>. hi<:h these '~mp"'s wi ll not he rew\,erahl" is not kn own and the h igher 
pressure Illay p roollC" ocn"r liberal io n but lhos" pa(ticles I1MY nOl be recoverahle. 
For t he -75 ."l8!u n siz" class, 11 wos observed lhnl the V"lllIHC % of t h~ samples 
broken at Lower Pressure aml Higher Pressure i, ""niinr in the L class but the LoweI' 
Prc"llure sa mp!c's Volu mc % is h igher in Ihe SL cbs>_ This ~aD al8" be seen in 
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. l lIghP ! 
-- -I , 
SL AG SAG SG G Lo ~---== Liberation c lasses --=---~-~ 
Figure 4.22 ; Volume ~/. of ~ ~:liD' ro ~ each liiocnttion .i,.e cia .. t"r the IIPG R 
L() wcr" nd llighcr Spedtk Pre .. F'n~ce of \ Ie,"eo,ky ore in the siLe 
Til Fig())'~ 4,2) il w"s onserved tha t the sam ple hro ken under hi !,\ her pressure ha, a 
higher number of pa r t1<: les III the L c l~% th all the Iow~r prc%urc ,ample. b ut the 

















illlH";gh P , 
i l.!I LowP i 
100 
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Fi:;:urc-l.B: I',eudo grade recover) curw for the IIPGR LOll-er and Hi!!her 
sper ilic Pres~ FUITe ~alll pl~ ror J\.It'rt'u.k) ore in Ihe ,;z,' cia" -
75+J8)rm 
Figure ... 23 tllCrefOl'c , I1O\"S lj~~t the k)\\'cr spcdlic pr~ss lim:t ,ampk " bella 
lib.:rakd as il ha, a higher cumulative numocr of grain' in the SL class. The \oluillc 
".'. and the number ofg:raUls PCI' huudred j()uTld In each liberation cia" f(lT the III'GR 
proJud ,ample for rhe -7';,1111 ;3 ~)lm S]Z~ fraction of the Mcrrn,l .. :y sample is given in 
Appcndi.\ E, 
I herefore rhe -J~)lm IToction of lile higher ~pccj1ic press j'JfCT ,ample was ocller 
libcrakd. and the 75~3 R~JIl frac tiou of tk lower '[lCcir", press force S.~ lllple was 
be lkr lil~ralcJ Ilul tfle unrcco\'el'abl~ /TacTion oftilC sub 381lJll sample is unkuown 
for The highcr pr~ssurc ,amplc. In addillon to thi.~. thc L>Jlergy cOI~'lInlpTion of Thc 
IIPGi< i< slgniticalllly lowcr aT a lower S[lCClr", P"'~' for~e ~Ild it " thL..-efore 
a,lvisable 10 0fler~le at toc k",~st [,<,"sIble l'I'CNlre Th~t will gIve lhe I'cquircd grind. 
Thi, is in agreerr~nt with toc findings of van Drunic).;: and SIILi!. 2006 1I~11 lhe besl 
flotation rc<uil , were obtaincd in assclC~ltiou wilh low grinding: pres.~urc, for all {he 











4.5 COMPARISON OF SIZE DISTRIBUTIONS FROM 
DIFFERENT MODES OF BREAKAGE 
4.5.1 UG2 ORE 
The product particle size distributions of UG2 ore that were produced by various 
modes of breakage are given in Figure 4.24. The "Chipping and Abrasion" mode was 
achieved by grinding angular rocks (of three discrete sizes between -150 and +38mm 
with a size class empty in between) in the pilot mill with a large diameter for 11 
minutes. The "Mostly Abrasion" mode was achieved by grinding a similar batch of 
rounded rocks in the pilot mill with the large diameter for 2 minutes and the 
"Abrasion" mode is from grinding rounded rocks (-50+ 19mm) in the smaller torque 
mill for 20 minutes. The "Impact" mode is from the drop weight tester the product of 
the -106+75mm rocks is shown at an input energy of OAkWhJt and both "Bed 
breakage" modes are from the HPGR, but the "N" is for a normal feed size 
distribution of -12mm and the "T" is for a truncated feed size distribution of -
12+4mm. 
Test work on the various modes were conducted over a range of input energies, so 
direct comparison of the amount of breakage is not meaningful. The comparison 
conducted here is of the form of the product distribution, into what size range the 
product reports for the different types of breakage. 
Ifwe consider the "Abrasion" mode, the increase in cumulative mass percent between 
0.038 and 0.2 mm can be observed. Between 0.2 mm and 10 mm hardly any increase 
in the cumulative mass percent can be observed. After 10 mm, a sharp increase up to 
100% of mass at 50 mm can then be seen. This means that the rounded rocks that 
were initially placed in the mill did not undergo much impact breakage or chipping. 
Only fines abraded off the surface of the rounded pebbles. The "Mostly Abrasion" 
curve has a similar shape, but the increase from the fines up to the original particle 
sizes is not as sharp as the "Abrasion" curve. Therefore chipping took place to some 











mm. 'JhlS can no, exp lained by tilt' larg~ diametcr (l.fiRm) of tilt' pi~ll mill that wa, 
used tor this test in compar ison with the smal lel' diametcr (0,6m) of the torque mill 
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Fij!u rt' 4.24: Prod u~( Plln icl~ siz~ dist ribu(ions or t 'G2 or~ prlHl u~ed by ,'arious 
The red hn~ in Flgur~ 4.24 rcpres~nts thc product partiele siz~ distribution of the 
product of the drop wc ight test, In 1his mode of breakage JID progeny partICles 
remained in the same sizc class as thc Olig inal rock. The increasc in cumulative mass 
is Inore oonsi, tclll throughout toc size range, The ~hapt; of the "Chippmg and 
Abra'~)n" ITKld~ lnoks lih a mmbination nfthe "Abras~)n" and the '"Irnpact" m(1d~,. 
rhis is no,caus~ angular rocks wer~ us~d for thi. test and cxtensi\c chipping and 
impact brcakagcs takcs placc before abrasKln takc, oVCr a~ tilt" primary modc, All of 
thc,~ four ("urw' ;llIm the bend arowld 0.2 nUll and that IS approximately the . ize of 











mC the pmduL1 siL~ dIStrib utions from the HP(jR. These curws ,how that with bed 
breakage (here IS no lorm:ltion of a critical size that is ditflCu lt to break as in the 
ilbm,ion and nnpact mode, that are aUributed to milk The truTKilted feed produced 
more tines thanlhe feed with ~ natum l size di stribution and consumed ~ooU! O.8kWh/1 
mare energy. 
In Figure 4.25 the same proolKi particle ,iL~ distribution, can be sccn but with 
normalised su.., fractions. The or~inal particle ,ize" I ilnd the product panicle "zcs 
:lr~ fractions oflhi, top ,i7<'. The bed breabg~ of the 111'(;1{ pmduce, a far higher 
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Figure 4.25: Product Pa "idc Si7C distriblllinns nf lIG2 ore prod uced I>y "arious 










In Figure 4.2() the TTlil" perCCTIt rttmned m each ,Ue fract~m l'an be seen. The 
particle sizes arc gi\'en as a Ii'acti()n of the top si7e where thc n.'ljorily ()fthe product 
part Ides fi-om each mode of brealilge Can be o!:>served. !'he shmp peaks at tbe coarse 
end arc for the abmsi()11 mill with a mixed feed of thr~e parllde sil;c,. so have lID 
physil'al significance other that renecting the originill teed ,i7c. The majority of thc 
product particlc, from the "Abrasion" Joode rcmaincd vcry cloS(' to the original SiLC 
a, the curve pe~ks around 0.9 and fine, were produced and can he observed around 
IUH)2. The elL"e of the "Mo,tly Ah-ra;iun" rnode ;how, that the rn~jority of the 
rouJ~icd rocks stayed in the three original sizc classes and titles formed arolLnd 0.001. 
FigUl'c 4.U" 1\1a" pen'ent retained pel' si~c 
The "'Chipping and Abrasion" mode peak has lost a considerable number of The t()P-
sile rock;;. with trut prodlJCt below the pea"- at 0.25, Therc is significant material in 










and then a peak at 0.001 of fines production. Therefore, the angular rocks chipped 
significantly and also fonned some fines due to abrasion. The "Impact" curve is more 
evenly spread and it is noticeable that no mass remained in the original size. This 
mode caused the formation of some fines around 0.003. Both "Bed breakage" curves 
show that fines were produced extensively and that no mass remained in the original 
particle size. As the HPGR feed size was so much fmer than the other feed particles 
(about one tenth the size), this nonnalised size reduction can be a bit misleading. In 
absolute size, it peaks at the same size range as the fines production from the other 
modes of breakage. 
4.5.2 TARGET GOLD ORE 
The product particle size distributions of Target Gold ore that were produced by 
various modes of breakage are given in Figure 4.27. The "Mostly Abrasion" mode 
was achieved by grinding rounded rocks (of a nonnal size distribution between -106 
and + 38mm) in the pilot mill with a large diameter for 21 minutes. The "Abrasion" 
mode was achieved by grinding rounded rocks (-50+ 19mm) in the smaller torque mill 
for 50 minutes. The "Impact" mode is from the drop weight tester. The product size 
distribution of the -106+75mm rocks is shown for an input energy of OAkWhit and 
the "Bed breakage" mode is from the HPGR, a normal feed size distribution of -
l2mm was the feed size. 
If we consider the "Abrasion" mode, a very slight increase in cumulative mass percent 
between 0.038 and 0.1 mm can be observed. Between 0.1 mm and 25 mm no increase 
in the cumulative mass percent can be observed. After 25 mm a sharp increase up to 
100% of mass at 50 mm can then be observed. This means that the rounded rocks that 
were initially placed in the mill did not undergo any impact breakage or chipping. 
Only fines abraded off the surface of the rounded pebbles, producing about 4% mass 
loss. The "Mostly Abrasion" curve has a similar shape, producing about 10% fmes. 
The increase from the fines up to the original particle sizes is not as sharp as the 
"Abrasion" curve therefore chipping did take place to some extent and caused the 
slight increase in the cumulative mass percent between 20 and 30 mm. This can be 











comp~ris.on wilh Ihe sm~llcl' dlametel (O .6m) of the torquc m,ll that "la' u'cd to 
The red linc in Figure 4 27 rL"Pr~ "'n l s Ihe product parti<:le si7e distrib ution of lhe 
pru<h.cl of the drop w~ight kSt. In this modc of brcakage no progcny panicles 
relTl1lin~d ill the san..., ,i7e cIa" u,' ,he origm~1 rock, rhe iocre~s~ m ~Umlllat1V~ ""-'>S 
i, mol'c consiSl~"l Ihroughout the size ra ngc. The lett !no>! curve that can be 'ecn in 
Figurc 4.27 is thc product size distribution from the 111'(,1{ , 'I hi, curve sh(",', that 
wilh t-.cd h.-~~bgc lhere i, again no iormalion ora crili.:~1 SiLt tIM IS difrlclI lllO bl'e~k 
~ s In Ihe milling modc'. The boed ~cakagc produc~s a cons;,lent mcrea,c in 
CIIJlK,lallw; Hill" f"'rt:tJlI aCrOSS tIl<: " izc r~ng~. 
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Figllr~ 4.27: I'rolill e! Pa 1'1 iele slu .Iist rihutions of Ta rg~1 GollI ore prollll~ed hy 










In hgure 4.n th~ same product panicle size distributions can be seen but w ith 
O<Jrma1is~u sile tractio ns . 
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In Figure 4.29 th~ mass I"'rcent r~n!n ~d in each size tTact ion can be seen rllC 
particl~ si£es HTC givC'n as H frHctlOn ofthc top Sue wh~r~ the majority of the pnxlud 
r~rtic Jcs fr(lm l'~ch mode (I fbrcakagl' can hc (lbs~rI cd. All the produd particles Irom 
the "'Ahra,ion" mod~ r~mained in the original sin as th~ curve r>eah at I and the 
,~c"nd high~,t l"!lnT on the curv~ is 1he (lther size lMt "·as (lrig Ulal ly pl~ced intbc 
m ill and The sum 01 These t".o po'nt s is 95'Yo ofthe m~ss. Therefore very litTle lines 
"~re p'oducc'd anu they ar~ around the 0.001 ,ize. The curw of the "Mostly 
Abrasion» moue shows that The maj(lflt y Oft llC rou nded. rocks rem~ined In the three 











fine' fi1Tlncd arolLnd 0.00 I. Tb~ "[mpacC curve is more c\'cnly 'prcad, peaking at 
around JilO'" "rIlle <>riginal siz~, and it is ooti<;c~ble that 00 n-.a,S remained m the 
originul sift. ThlS mod" caused the oon<islcnt formatIOn of [inc, across the ,izc 
range . The "[lex! bre~kagc" curve shows that fine' were pf()du~ed exl~nsi\'ely and 













Fil!lI re 4.29: 1\-1 ass p~rc~n1 rP1a i n~d ]Ier size 
In Figure 4.30 the product particle ,i7C di'lnbutions of UG2 and Target Gold ore " 
given for iT'1"'Cl breakage and Bed hreakag~ , BOIh 1m, "Impacl" and the "Bcd 
breakage" lc<t, for rhc'i.C two ore tYP<" had the same initial feed ,i7e~, scen in figlLTe 
4.30. The curl'es ,hown ml'igurc 4,}0 ~rcthe '~mc one' thar were previou<ly ,hown 
to compare liw differ~nl modes of br~~k.ag~. This is JlLSI 10 CIlmparc Ihc resu lrs 
obr~ined by Ihc IWO diflcrem ore types. The impacl tC8t8 were at the <amc cncrgy and 
Ih~ HPGR leSI al III<: same preSS lLres, so liIe degrce of breakage r.; direcrly COl1lp~rable 
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ri~urr -\,JO: Product Pactiek ,i7C diSU"ihuti",,, nf IlGl and ['a[gel G"ld ore r"r 
Iml'act and Bed breakal!e 
Til<: UG2 is ",on: Jiagilc (h;m the Target Go ld ore and can be seen ;n]x,ln the Impact 
and the Bcd lxcakagc S1Ze distr ibut io",_ Th" Bed hreakage produced rnu~h mme 
fill,," Wilh the L(;2 ore than loc Targel OrC. AddiliolJ~lIy there lS a di,lilld bimodal 
di,lI'ibtit ion ill the L Gl ",hidl is absent from the Target ore - reflect .og the differ"oc" 
in the orc struclllf"'_ Tho" lmpad lx-eakaJ,\c prodllCCd mOre ,moln parlJ<:ks in the size 
range 0.2 10 30mm hlLt almost lhe SaJlle amollnt oflines. 
Figure 4.31 sm.)W' toc prodlLct pall ide "L.e di,trihlLlion, of lJ (;2 ami 'l'mgd GoW ore 
(hat were produced by abru, io n Lll the pilot mill and th" tnrquc mills Thc,e curve, 
arc also the san", di,lribulMms that were u,ed to <.:<mlpare thc dilTcrem modcl of 
breakage lhat are ShOV.ll herc to compare thc in flll cncc of (he same In<:td~ of hr~aka!\e 










(Ilark blue curve) me 1S in comparison w it h The T~rg~T (;old tgreell C1IJYe) ore. Very 
lillie rines \H"re produc~d by Ih" Target ore III ~"'npmison with tfle ue2 ore 
e'l:>o:~ia l ly ifit is co nsider~Il tlJat the rarg~1 ore t est w~s done tor 50 IlllltUleS lo ng mtu 
tl", UG2 only l"r ~O mmllt~s long_ Tfle "Mm-tly Abrasion" size distl'lhution jor rh~ 
r~rg~t ore lies ~boI''' lhe UG2 ,ue dislribUlioH. This IS only lxc~us~ lfle UG2 te,l 
was do"" [or only 2 minules wl"'r~ the 'I argd ore tesT was done lOr 2J Illimlles. 
Jlowever l,,---rv.-'~~n 10 and J() nlln 011 tht' '"MO,lly Abr~,ion" Curve lor UG2 alr~~dy 
,hows ",me chipp lllg occurring while the Ta rg~1 ore did not chip as milch. <.le,pit~ Ih" 
runienb1h ""ing J() tllnes Iong~L 
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Figure 4.3 1: Product P~rticJe ~izc distrihuti"ns of IJG2 ~nd TaI"g~1 Gold orr for 
,\br:!,i,," 
The diJlerence in th~ l"UrV~S of the same mode of breakage lor the t ... o different ore 
types is remarkable for all II""" moues of breakage_ \,1(;2 ore is milch JOOl'e ti"ag!l~ 
lhan th~ Target (",III ore and lhe r~ ~ re also IWO diSiincl rnill"r~1 ph~se, in Ihe L.G2 










breakage size distribution. When the ore contains a large amount of waste rock 
(hanging wall and footwall) the breakage size distribution may change from the 
distinct bimodal shape of the UG2 product and become similar to the normal Rosin-
Rammler distribution. The difference at the finer end of the size range may largely be 
attributed to the breakage of the UG2 around grain boundaries. 
RESUL TS AND DISCUSSION - In summary: 
• The drop weight A and b values show that the Target ore IS much more 
competent than the UG2 ore. 
• It was observed that when angular rocks are placed in a mill the rate of mass 
loss out of the mill is quick because of the initial chipping and it then slows 
down when abrasion becomes the primary mode of breakage and the mass loss 
becomes constant. 
• The mill discharge becomes finer with time as abrasion dominates. 
• In the first two minutes the rate of discharge of fines will increase rapidly and 
then stabilize. 
• When big and small rocks are present in the charge, the small rocks may 
provide a cushioning effect and prevent the bigger rocks from breaking. 
• A reduction in mill speed and mill diameter result in fewer impact breakages. 
• The shapes of the UG2 size distributions show that the UG2 breaks around the 
natural grain boundaries of the chromites to some extent for the impact, 
abrasion and bed breakage. 
• For the HPGR, the relation of specific press force to pressure is linear. 
• Energy consumption of the HPGR increases with specific press force 
• Reduction ratio does not increase beyond a certain specific press force. It was 
found to be 4N/mm2 for the Merensky ore. 
• The AG mill gave better liberation of the sub 381lm size class. 
• For the HPGR the higher pressure gave better liberation in the sub 381lm size 
class than lower pressure. 
• For the HPGR crushing, the lower pressure gave better liberation III the -











• There will be no build up of a critical size of material with bed breakage in the 
HPGR as is the case with abrasion and impact that are attributed to milling. 
• A truncated HPGR feed produces a finer product and consumes more energy. 
• UG2 ore is much more fragile than Target Gold ore and produces much more 












5. CONCLUSIONS AND RECOMMENDATIONS 
The results that vvere obtained through the experimental work and analyses conducted 
are summarized in this chapter. Future test work that could be useful is discussed 
and some suggestions for this work are made. 
5.1 SUMMARY OF SCOPE OF WORK 
A study was undertaken to investigate the influence of different modes of breakage 
and energy inputs on the appearance of the progeny pieces of a broken particle. 
Impact, abrasion and bed breakage were investigated as three distinctly different 
modes of breakage. The particle size distributions of the products from the breakage 
experiments were studied. Mineral liberation analyses were carried out on certain 
samples in order to determine the liberation of the valuable particles in these samples. 
5.2 GENERAL OBSERVATIONS 
• The Target ore is much more competent than the UG2 ore. The Target ore 
abrasion experiments were conducted for longer periods than the UG2 
experiments in order to get significant amounts of sample. Fewer impact 
breakages took place in the torque mill with the Target ore and in two cases 
only abrasion took place and exactly the same number of rocks were present 
before and after the 50 minute long run. 
• The sub 400llm fraction contains valuable information for some ore types. 
• It was observed that when angular rocks are placed in a mill, the rate of mass 
loss out of the mill is quick because of the initial chipping and it then slows 
down when abrasion becomes the primary mode of breakage and the mass loss 
becomes constant. 
• It takes some time for the slurry to move through the charge in the pilot mill. 
The transport is much faster in the smaller Torque mill. 
• When big and small rocks are present in the charge, the small rocks may 











• A reduction in mill speed results in fewer impact breakages. 
• The thickness of the discharge cake of the HPGR decreases with increasing 
specific press force. 
• The Merensky ore produced bigger and more competent flakes than the UG2 
ore. 
5.3 CONCLUSIONS 
Two distinct modes of breakage were observed in the mills: chipping and 
abrasion. 
The chipping produces a coarser product and is followed by abrasion which produces 
a fmer product but at a slower rate. It was also observed that the discharging slurry 
samples become finer as abrasion starts taking place to a greater extent instead of 
chipping. These two modes of breakage may be investigated separately so that these 
may feed into mill models as separate sets of tests. 
The abrasion rate decreases as a function of mill speed. 
The rate of abrasion for the experiments conducted at a lower mill speed was 
significantly slower than the abrasion rates at high mill speed. 
Energy consumption of the HPGR increases with specific press force, but the 
reduction ratio doesn't increase beyond a certain specific press force. The 
threshold point was found to be 4N/mm2 for the Merensky ore. 
When the specific press force is increased, the energy consumption mcreases 
accordingly. But once a certain threshold is reached, the reduction ratio no longer 
increases with increasing specific press force. Therefore optimum operating 











The sub 38p.tm sample produced by abrasion was better liberated than the sub 
38p.tm sample from bed breakage. 
The MLA results showed that for the sub 381lm abrasion sample a bigger volume 
percent and more particles per hundred were properly liberated in comparison with 
the sub 381lm bed breakage sample. The size distributions of the sub 381lm fractions 
are unknown and therefore the recoverability of the bed breakage sample may not be 
worse, but this was not investigated in the current study. 
For the HPGR it was found that operating at a higher pressure gave better 
liberation in the sub 38p.tm size class than operating at lower pressure. However, 
operating the HPGR at a lower pressure gave better liberation than higher 
pressure for the particles in the -75+ 38p.tm size class. 
The size distributions of the sub 381lm fractions are unknown and therefore the 
recoverability of the lower pressure sample may be higher. A particle that is 
unrecoverable because it is too fine is lost, but a particle that is not liberated may be 
liberated in down stream processes. The fact that the lower pressure gave better 
liberation in the -75+ 381lm fraction shows that operating at a lower pressure is 
advantageous, especially when feeding into a flotation circuit, where recovery in this 
size range is optimal. This is in agreement with literature that the best flotation results 
were obtained at low grinding pressures for all ore types. 
The state of liberation for the samples broken by different modes of breakage 
and intensities of breakage is different. 
It was observed from the MLA results that abrasion produced a better liberated 
product and that lower energy intensities were more advantageous for bed breakage 











There is a relationship between the energy intensity of the breakage event and 
the size distribution of the product. 
When two rocks are broken with different energy intensities the difference in the 
progeny particles are visible. This is also true for the whole size distribution. Lower 
input energies with the impact breakage experiments produced fewer, bigger pieces 
and a coarser size distribution. The abrasion experiment confirmed this. When a 
slower mill speed (less energy) was used fewer chipping events were observed and 
abrasion was the dominant mode of breakage which caused a finer size distribution. 
The energy intensities that were used with the bed breakage experiments also 
confirmed that there is a relationship between the energy intensity and the SIze 
distribution of the product. However, this was only true until a threshold was reached 
and the higher energies had no further influence on the reduction ratios of the 
products. Therefore, there is a definite relationship between the energy intensity of 
the breakage event and the size distribution of the product. This relationship will be 
different for the various modes of breakage. 
There is a relationship between the mode of breakage and the size distribution of 
the product. 
The method that was used to break the rocks influenced the particle size distribution 
of the final product. Size distribution data from the various modes of breakage 
showed that in the HPGR there is no formation of a critical size that is difficult to 
break as in the abrasion and impact modes that are attributed to mills. 
This phenomenon can easily be observed in the bigger particles from the different 
modes of breakage, but this was also found to be true on the micro scale. The fines 
that were produced during abrasion were different from the fines produced by bed 
breakage. The sub 38/lm fines from the abrasion tests were much finer than the sub 
38/lm fmes from the bed breakage tests. The influences of the various modes of 
breakage were also observed in the extent to which the platinum group minerals were 











The feed size distribution of the HPGR influences the energy consumption and 
final grind. 
The HPGR product where the feed was truncated at 4mm produced a fmer product 
size distribution and consumed approximately O.8kWhit more energy. 
UG2 ore is more fragile than Target Gold ore. 
The UG2 ore produces finer particle size distributions than the Target Gold ore even 
when the Target Gold abrasion tests were done for a much longer time and therefore 
consumed more energy. The difference at the fmer end of the size range may largely 
be attributed to the breakage of the UG2 around grain boundaries. 
5.4 RECOMMENDED FUTURE WORK 
The size distribution of the sub 381lm fraction could be determined in order to see 
how much of the various samples are recoverable. However, the best way to 
determine the extent to which these particles can be recovered is to perform flotation 
test work on the different samples. The difference between a closed circuit HPGR 
product and the product from an HPGR followed by a ball mill may be compared with 
a product from a conventional SAG/ball mill circuit and followed by flotation test 
work. 
CONCLUSIONS AND RECOMMENDATIONS -In Summary: 
• The difference between impact and abrasion as a mode of breakage in an AG 
mill and bed breakage in an HPGR was investigated and it was found that 
abrasion liberated the valuable particles better. However, the extent to which 
these will be recoverable is unknown and indicates an area for further study. 
• The influence of different operating conditions of the HPGR was investigated 
and the lower operating pressure was found to be more advantageous. This is 











• There is a relationship between the energy intensity of the breakage event and 
the size distribution ofthe product. 
• There is a relationship between the mode of breakage and the size distribution 
of the product. 
• The feed size distribution of the HPGR influences the energy consumption and 
final grind. 
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APPENDIX A DROPWEIGHT DATA 
Table A.I: Size distributions UG2 (Small sizes) 
SizeJmm) -16 +13.2mm -22.4+19 mm -31.5 +26.5mm -45 +37.5mm -63 +53mm (JK -63 +53mm (M) 
53000 100 100 100 100 100 100 
37500 100 100 100 100 95.359 97.558 
26500 100 100 100 76.510 80.154 80.200 
19000 100 100 94.379 52.914 62.004 55.127 
13200 100 93.097 69.710 31.067 46.841 37.358 
9500 85.714 76.319 48.096 23.854 35.389 29.926 
6700 71.574 59.228 34.268 18.885 29.466 23.738 
4750 58.746 48.078 26.726 15.099 25.399 20.183 
3350 44.023 36.910 21.044 12.202 22.004 17.008 
2360 33.333 28.976 17.127 9.928 19.377 14.986 
1700 28.086 25.533 15.301 8.886 18.185 13.630 
1180 24.101 22.160 13.509 7.774 16.969 12.711 
850 21.672 19.836 12.226 6.976 16.009 12.006 
600 19.291 17.424 10.671 6.030 14.552 11.316 
425 17.396 15.589 9.287 5.272 12.931 10.437 
300 14.286 12.321 7.264 4.241 9.933 8.525 
212 10.398 8.686 5.295 3.200 6.995 6.058 
150 7.289 6.047 3.856 2.361 4.899 4.077 
106 4.762 3.915 2.580 1.623 3.133 2.274 
75 3.013 2.447 1.677 1.087 1.924 1.124 
53 1.944 1.555 1.093 0.723 1.226 0.401 
38 1.312 0.996 0.720 0.475 0.807 0.166 
-38 0.000 0.000 0.000 0000 0.000 0.000 
Table A.2: Size distributions Target gold (Small sizes) 
Size (jJm) -16+13.2mm -22.4+19mm -31.5+26.5mm -45+37.5mm -63+53mm (JK) -63+53mm (M) 
63000 100 100 100 100 100 100 
53000 100 100 100 100 100 97.048 
37500 100 100 100 100 96.283 90.850 
26500 100 100 100 100 89.560 79.457 
19000 100 100 100 91.828 81.965 64.463 
13200 100 100 91.175 47.698 72.663 52.834 
9500 100 95.666 57.718 27.878 58.502 41.204 
6700 59.194 77.019 35.982 23.044 45.758 31.712 
4750 34.409 49.556 25.497 17.644 34.157 23.648 
3350 23.602 37.104 20.781 14.503 28.070 19.339 
2360 16.613 27.865 16.103 11.596 22.410 15.230 
1700 12.097 22.178 12.843 9.212 18.390 12.391 
1180 10.215 18.309 10.516 8.098 15.465 10.325 
850 8.441 15.264 8.810 7.062 13.219 8.719 
600 7.097 13.277 7.513 6.288 11.574 7.391 
425 5.968 11.268 6.277 5.574 10.133 6.246 
300 5.000 9.767 5.436 5.026 8.960 5.331 
212 4.140 8.055 4.435 4.508 7.870 4.498 
150 3.333 6.258 3.480 3.742 6.492 3.654 
106 2.581 4.820 2.691 3.211 5.167 2.904 
75 1.989 3.700 2.085 2.793 4.326 2.338 
53 1.559 2.812 1.607 2.467 3.455 1.919 
38 1.237 2.051 1.205 2.206 2.828 1.606 











Table A.3: Size distributions UG2 and Target gold (big sizes) 
UG2 ore Target gold ore 
Size (~m) -106 +75mm -150 +106mm -106+75mm -150+212mm 
106000 100 100 100 100 
75000 100 92.496 100 100 
63000 100 84.509 100 100 
53000 100 74.576 100 94.505 
45000 91.243 63.159 100 79.196 
37500 83.836 51.874 94.487 57.297 
31500 76.298 47.521 77.808 41.882 
26500 67.705 41.027 68.032 36.703 
22400 57.545 37.614 63.210 28.312 
19000 48.937 33.027 53.351 25.435 
16000 42.031 28.282 44.684 22.158 
13200 35.530 24.550 39.631 18.724 
9500 29.629 20.650 33.515 16.489 
6700 24.260 17.019 27.092 12.223 
4750 18.787 14.585 20.489 9.763 
3350 16.515 12.696 17.343 8.092 
2360 14.159 11.472 14.067 6.459 
1700 12.613 10.655 11.746 5.357 
1180 11.563 10.088 10.000 4.493 
850 10.804 9.682 8.637 3.812 
600 10.210 9.256 7.598 3.254 
425 9.303 8.494 6.629 2.794 
300 8.003 7.305 5.791 2.345 
212 6.255 5.309 4.948 1.898 
150 4.728 3.230 4.058 1.548 
106 3.418 2.041 3.207 1.164 
75 2.202 1.127 2.582 0.859 
53 1.380 0.614 1.935 0.633 
38 0.918 0.365 1.417 0.437 











APPENDIX B ABRASION DATA 
Table B.1: Wet and dry mass out of pilot mill over time for seasoning of VG2 
Batch 1 Batch 2 Batch 3 Batch 4 
Time Wet mass Dry mass Time Wet mass Dry mass Time Wet mass Dry mass Time Wet mass Dry mass 
(min) (kg) (kg) (min) (kg) (kg) (min) (kg) (kg) (min) (kg) (kg) 
2 12.33 7.92 2 12 7.5 2 7.48 3.95 2 10.58 0.49 
3 31.99 23.7 3 235 16.29 3 26.31 16.29 3 27.28 17.32 
4 40.11 28.31 4 36.36 25.51 4 35.44 23.67 4 34.36 23.23 
5 40.65 30.47 5 38.67 26.04 5 39.39 25.8 5 36.82 25.06 
6 40.93 28.18 6 39.58 26.14 6 37.93 24.76 6 38.72 24.54 
7 40.3 27.32 7 41.69 27.01 7 39.11 24.06 7 42.58 23.33 
8 39.47 25.55 8 38.83 24.07 8 36.3 22.77 8 33.8 21.95 
9 31.66 24.05 9 39.04 23.03 9 36.43 22.61 9 34.62 21.77 
10 37.99 24.58 10 38.65 23.37 10 35.85 22.11 10 34.98 21.35 
11 34.22 21.75 11 36.86 22.51 11 30.1 19.6 11 35.4 21.12 
average 34.97 24.18 average 34.52 22.15 average 32.43 20.56 average 32.91 20.02 
(kg/min) (kg/min) (kg/min) (kg/min) 
Table B.2: Cumulative size distribution VG2 seasoning data batch 1 pilot mill 
Size (I.lm) 2 min 3 min 4 min 5 min 6 min 7 min 8 min 9 min 10 min 11 min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 100 99.02 99.05 99.58 99.53 99.60 99.57 98.61 99.71 100 
4750 98.36 98.66 98.79 99.36 98.68 99.18 98.84 98.16 99.04 99.03 
3350 97.38 98.36 98.43 98.82 98.26 98.59 98.55 97.62 98.62 98.30 
2360 95.76 98.00 97.98 98.59 97.85 98.27 98.00 97.14 97.91 97.79 
1700 93.44 97.07 97.20 98.01 97.08 97.69 97.18 96.50 97.08 97.07 
1180 92.26 96.38 96.61 97.50 96.59 97.29 96.61 95.98 96.42 96.58 
850 90.83 95.54 95.84 96.80 95.97 96.70 95.78 95.26 95.52 95.79 
600 89.47 94.68 95.10 96.08 95.30 95.98 95.14 94.54 94.76 9509 
425 87.43 93.24 93.95 95.00 94.30 94.94 94.16 93.49 93.75 94.09 
300 82.70 89.71 91.20 92.61 92.10 92.83 92.21 91.47 91.87 92.23 
212 74.62 82.64 85.24 86.83 87.46 88.40 88.20 87.52 88.15 88.73 
150 58.61 66.39 69.40 72.07 73.72 75.17 75.66 75.29 76.65 77.72 
106 44.14 50.27 53.05 55.26 56.88 58.41 58.94 59.15 61.27 62.25 
75 31.02 35.58 37.17 38.36 39.60 40.92 40.28 41.33 43.48 43.90 
53 21.89 24.83 26.01 26.91 27.33 28.60 28.12 28.43 30.37 31.09 
38 16.67 18.77 19.62 20.07 20.16 21.28 20.88 20.97 22.85 23.28 
-38 12.60 14.08 14.84 14.88 14.76 15.74 15.41 15.48 18.33 17.00 
Table B.3: Cumulative size distribution VG2 seasoning data batch 2 pilot mill 
Size (I.lm) 2 min 3 min 4 min 5 min 6 min 7 min 8 min 9 min 10 min 11 min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 100 99.52 100 100 100 99.35 100 99.25 98.78 99.62 
4750 98.36 99.11 99.73 99.82 99.43 98.75 99.62 98.77 98.18 99.37 
3350 97.38 98.53 99.36 99.66 99.31 98.53 99.09 98.42 97.53 98.81 
2360 95.76 98.00 98.98 99.34 98.87 98.12 98.61 97.96 97.17 98.11 
1700 93.44 96.67 98.26 98.65 98.29 97.41 97.89 97.30 96.49 97.16 
1180 92.26 95.78 97.74 98.08 97.78 96.88 97.37 96.87 96.00 96.48 
850 90.83 94.74 97.04 97.36 97.10 96.20 96.74 96.20 95.24 95.62 
600 89.47 93.62 96.19 96.60 96.41 95.47 96.06 95.50 94.54 94.83 
425 87.43 91.60 94.64 95.20 95.20 94.21 94.82 94.32 93.32 93.61 
300 82.70 88.61 92.29 93.29 93.55 92.45 91.98 92.82 91.84 92.07 
212 74.62 79.15 84.22 86.45 87.75 86.20 86.46 86.79 87.00 87.08 
150 58.61 65.15 70.70 73.97 76.18 74.24 75.00 76.47 76.92 76.85 
106 44.14 48.26 53.00 56.32 58.11 56.66 56.75 59.74 60.45 57.96 
75 31.02 34.79 38.23 40.74 41.66 40.79 39.76 43.25 44.01 40.87 
53 21.89 24.07 27.00 28.44 28.50 28.37 26.20 29.75 30.62 28.32 
38 16.67 18.08 20.29 21.31 20.93 21.15 18.49 21.81 22.70 21.18 











Table B.4: Cumulative size distribution VG2 seasoning data batch 3 pilot mill 
Size (11m) 2 min 3 min 4min 5 min 6 min 7 min 8 min 9 min 10 min 11 min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 99.73 
6700 99.74 99.51 100 99.67 99.5 100 100 100 98.61 99.73 
4750 99.05 99.51 99.58 99.42 99.32 99.62 100 99.94 97.65 99.30 
3350 98.08 99.36 99.16 99.13 99.13 99.38 99.89 99.69 97.00 99.03 
2360 95.97 99.02 98.64 98.74 98.93 99.20 99.71 99.44 96.29 98.65 
1700 92.66 98.10 97.77 97.95 98.66 98.93 99.42 99.09 95.47 98.16 
1180 89.78 96.97 96.79 97.22 98.42 98.61 98.98 98.60 94.54 97.54 
850 87.49 95.85 95.88 96.35 98.23 98.17 98.57 98.13 93.73 96.84 
600 85.39 94.55 94.84 95.70 97.54 97.72 97.88 97.53 93.00 95.95 
425 82.35 92.62 93.53 94.56 96.43 96.78 96.84 96.47 92.07 94.75 
300 76.78 88.66 90.76 92.13 94.24 94.83 94.92 94.55 90.42 92.87 
212 67.10 80.54 84.46 86.39 89.16 90.18 90.72 90.32 86.92 88.99 
150 51.91 64.65 69.10 72.66 76.21 77.63 78.82 78.15 77.07 78.44 
106 37.79 47.48 51.14 54.36 58.22 58.91 61.00 60.54 61.16 61.84 
75 26.85 33.62 36.69 37.89 41.27 41.05 43.70 43.31 44.95 44.64 
53 19.37 24.14 26.75 27.10 29.33 28.18 31.75 31.19 32.50 31.85 
38 14.62 17.97 20.48 19.70 21.71 19.82 23.67 23.33 24.13 23.20 
-38 11.45 13.87 16.27 14.71 16.35 14.54 18.03 17.78 18.46 17.21 
Table B.S: Cumulative size distribution VG2 seasoning data batch 4 pilot mill 
Size (11m) 2 min 3 min 4 min 5 min 6 min 7 min 8 min 9 min 10 min 11 min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 99.54 99.83 99.60 99.74 100 99.59 100 99.48 99.41 99.29 
4750 99.24 99.38 99.41 99.46 99.90 99.38 99.49 99.04 99.27 98.90 
3350 98.89 98.94 99.24 99.08 99.76 99.21 99.24 98.50 99.08 98.60 
2360 98.15 97.83 98.83 98.61 99.54 98.85 98.82 97.77 98.79 98.18 
1700 96.18 96.99 97.95 97.82 99.20 98.25 98.00 97.32 98.61 97.86 
1180 94.57 96.28 97.35 97.20 98.89 97.74 97.39 96.65 98.52 97.36 
850 92.71 95.08 96.75 96.34 98.55 97.01 96.48 96.03 98.41 96.79 
600 91.13 94.05 96.00 95.65 97.99 96.37 95.87 94.94 97.97 96.19 
425 87.43 91.99 94.66 94.33 96.80 95.19 94.82 93.52 96.91 95.14 
300 82.41 88.80 92.57 92.41 95.14 93.59 93.41 88.97 95.53 93.87 
212 70.54 79.29 85.27 85.63 89.19 88.17 88.67 77.71 90.98 89.86 
150 54.58 63.27 69.67 71.02 75.42 75.54 77.11 59.43 79.59 79.85 
106 38.48 44.65 49.28 51.40 55.62 56.33 58.63 43.77 60.26 62.65 
75 27.56 31.41 36.06 36.54 39.54 40.86 43.18 30.06 43.21 47.17 
53 19.16 21.16 25.71 24.63 27.00 27.77 30.02 21.31 28.59 33.17 
38 13.88 15.12 19.42 17.45 18.65 19.76 21.62 16.11 19.47 23.78 











Table 8.6: Wet and dry mass out of pilot mill over time for abrasion of VG2 
Batch 1 Batch 1 
Time Wet mass I Dry mass Wet mass I Dry mass 
2 min 36.62 I 25.00 36.57 I 22.05 
Table B.7: Cumulative size distribution VG2 rounded data pilot mill 
Size (I-lm) Feed (%) Batch 1 Batch 2 
150000 100.00 100.00 100.00 
106000 81.39 84.10 87.64 
75000 81.39 82.07 82.34 
50000 48.63 55.16 55.71 
38000 48.63 50.82 51.77 
25000 0.00 13.32 13.59 
18000 0.00 8.83 8.43 
11200 0.00 7.47 7.07 
9500 0.00 7.34 7.07 
6700 0.00 6.36 5.82 
4750 0.00 5.66 5.12 
3380 0.00 5.36 4.90 
2360 0.00 5.19 4.74 
1700 0.00 5.10 4.64 
1180 0.00 5.05 4.61 
850 0.00 5.01 4.57 
600 0.00 4.98 4.55 
425 0.00 4.94 4.51 
300 0.00 4.84 4.44 
212 0.00 4.64 4.22 
150 0.00 3.99 3.65 
106 0.00 3.01 2.80 
75 0.00 2.17 1.88 
53 0.00 1.39 1.20 
38 0.00 0.94 0.77 
-38 0.00 0.63 0.50 
Table B.8: Wet and dry mass out of pilot mill over time for abrasion of Target 
ore 
Batch 1 Batch 2 
Time (min) Wet mass (kg) Dry mass (kg) Time (min) Wet mass (kg) Dry mass (kg) 
3 28.95 3.206 3 22.93 3.104 
5 28.58 6.928 5 26.92 5.725 
7 30.54 5.583 7 28.12 4.985 
9 27.52 5.248 9 28.12 4.565 
11 29.76 4.854 11 28.63 4.002 
13 30.46 5.677 13 27.67 4.254 
15 30.2 5.477 15 29.05 4.65 
17 27.08 6.322 17 28.18 5.023 
19 30.8 5.379 19 28.35 5.212 











Table B.9: Cumulative size distribution Target abrasion data pilot mill 
Size (11m) 3min 5min 7 min 9min 11 min 13 min 15 min 17 min 19 min 21 min 
18000 100 100 100 100 100 100 100 100 100 100 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 99.55 100 99.13 99.52 100 100 100 100 100 100 
4750 98.45 99.60 98.73 96.55 99.80 100 99.88 99.23 99.88 99.23 
3350 97.51 99.20 97.87 95.18 99.53 99.27 98.31 98.77 98.31 98.77 
2360 96.12 98.43 97.17 92.71 98.83 98.50 97.30 97.73 97.30 97.73 
1700 94.22 97.60 96.23 89.25 98.17 97.40 95.92 96.53 95.92 96.53 
1180 92.91 96.87 95.20 86.79 97.33 96.27 95.08 95.23 95.08 95.23 
850 91.14 95.87 94.23 83.04 96.27 95.00 93.84 93.83 93.84 93.83 
600 89.57 94.93 92.80 81.86 95.37 93.97 92.67 92.60 92.67 92.60 
425 87.27 93.30 90.60 79.97 93.50 92.43 90.69 90.60 90.69 90.60 
300 84.56 90.50 86.53 77.58 90.23 89.87 88.31 87.30 88.31 87.30 
212 79.28 87.10 81.90 72.17 86.23 86.53 83.34 83.13 83.34 83.13 
150 72.03 80.43 73.03 63.97 78.43 80.13 75.92 74.67 75.92 74.67 
106 62.31 73.03 63.20 52.68 69.73 72.97 66.14 65.33 66.14 65.33 
75 53.12 62.97 49.57 42.39 57.27 62.87 57.06 52.10 57.06 52.10 
53 43.24 52.67 37.33 31.67 50.00 57.03 47.43 38.77 47.43 38.77 
38 34.44 44.30 26.70 22.49 39.80 48.70 38.65 28.10 38.65 28.10 
-38 27.33 36.30 19.63 15.75 29.77 40.83 30.60 19.37 30.60 19.37 
Table B.10: Wet and dry mass out of torque mill over time for abrasion of UG2 
Batch 1 Batch 2 Batch 3 
-50+38.-38+25.-25+18 -50+38,-38+25,-25+18 -50+38.-38+25,-25+18 
Time (min Wet mass kg) Dry mass kg) Time min Wet mass kg Dry mass kg) Time min Wet mass kg) Dry mass kg) 
2 18.15 0.51 2 21.36 0.46 2 17.8 0.33 
4 22.58 1.13 4 22.33 1.22 4 21.9 0.71 
6 22.5 1.58 6 22.07 1.56 6 22.35 0.81 
8 22.45 1.54 8 17.56 1.56 8 21.78 0.85 
10 22.7 1.70 10 22.96 1.93 10 21.97 0.74 
12 21.18 0.74 12 15.18 0.56 12 21.95 0.38 
14 22.3 1.45 14 22.18 1.65 14 22.02 0.84 
16 22.56 1.61 16 22.84 1.45 16 22.16 0.83 
18 22.17 1.37 18 22.53 1.23 18 20.53 0.71 
20 22.18 107 20 22.85 1.41 20 22.23 0.81 
Table B.11: Wet and dry mass out of torque mill over time for abrasion of UG2 
Batch 4 Batch 5 Batch 9 
-38+25 -38+25 -38+25 speed 70% of critical 
Time min Wet mass kg] Dry mass kg) Time min Wet mass kg) Dry mass kg) Time min Wet mass kg: Drymass~ 
2 13.47 0.38 2 18.13 0.39 2 19.31 0.40 
4 17.8 0.52 4 22.73 0.58 4 24 0.60 
6 17.01 0.75 6 22.44 0.77 6 23.92 0.79 
8 18.16 0.86 8 22.82 0.88 8 23.9 0.90 
10 17.76 0.93 10 22.96 0.88 10 24.08 0.91 
12 17.75 0.72 12 22.72 0.68 12 24.17 0.70 
14 17.66 0.65 14 22.7 0.62 14 24.37 0.64 
16 16.91 0.75 16 22.82 0.79 16 24.18 0.81 
18 17.73 0.74 18 21.89 0.96 18 24.33 0.99 
20 17.53 0.58 20 23.44 0.98 20 24.55 1.01 
Table B.12: Wet and dry mass out of torque mill over time for abrasion of UG2 
Batch 6 Batch 7 Batch 8 
-50+38 -50+38 -50+38 speed 70% of critical 
Time min Wet mass kg) Dry mass kg) Time min Wet mass JI<l!l. D~massJkgL TimeJminl Wetmass~ ~mass~ 
2 18.3 0.84 2 19.73 0.94 2 18.41 0.74 
4 21.64 1.25 4 16.3 1.39 4 24.22 1.25 
6 21.56 1.65 6 20.54 1.84 6 23.72 135 
8 21.68 1.90 8 19.85 1.77 8 23.1 1.45 
10 21.49 1.91 10 19.13 1.99 10 24.12 1.26 
12 21.46 1.48 12 18.8 1.64 12 23.73 1.52 
14 21.64 1.34 14 18.65 1.48 14 22.94 1.53 
16 21.68 1.71 16 20.47 1.90 16 22.9 1.58 
18 21.2 2.08 18 21.34 2.30 18 22.73 1.99 











Table B.13: Cumulative size distribution data batch 1 VG2 Torque mill 
Size 2min 4min 6min 8m in 10min 12min 14min 16min 18min 20min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 100 100 99.5 98.5 98.7 98.9 98.2 98.4 98.8 96.8 
4750 99.4 98.6 98.7 97.8 97.6 96.6 95.5 96.5 96.6 95.2 
3380 99.1 97.9 98.0 96.8 96.2 95.6 94.2 94.9 95.3 93.9 
2360 98.6 97.2 97.4 95.9 95.4 94.6 93.1 93.9 94.1 93.2 
1700 98.0 96.8 96.9 95.3 94.5 94.0 92.5 93.0 93.2 92.6 
1180 97.7 96.5 96.6 95.0 94.2 93.7 92.1 92.6 92.9 92.3 
850 97.5 96.3 96.4 94.8 94.0 93.5 91.7 92.4 92.6 92.1 
600 97.0 95.8 95.9 94.2 93.4 93.0 91.2 91.8 92.1 91.7 
425 96.3 95.2 95.4 93.6 92.8 92.5 90.3 91.3 91.6 91.2 
300 95.2 94.1 94.4 92.7 91.8 91.6 88.2 90.4 90.7 90.4 
212 92.7 91.7 92.1 90.3 89.3 89.4 83.1 88.0 88.6 88.5 
150 87.1 86.1 86.7 84.9 83.9 84.3 72.4 82.6 83.7 84.0 
106 76.4 74.8 75.9 74.0 73.2 74.2 57.7 71.3 73.6 74.6 
75 63.8 61.3 62.8 60.1 60.1 61.8 43.5 56.9 60.7 62.5 
53 50.3 47.0 48.1 45.7 45.7 47.7 32.9 42.7 46.3 48.7 
38 38.0 33.3 33.5 33.3 33.0 34.9 27.9 31.4 33.2 35.4 
-38 31.4 27.1 27.1 27.2 27.0 28.9 25.3 25.8 26.6 28.8 
Table B.14: Cumulative size distribution data batch 2 VG2 Torque mill 
Size 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 100 99.1 99.5 100 99.4 100 99.4 99.1 99.4 99.2 
4750 99.3 98.7 99.2 99.1 98.3 98.6 98.3 97.6 98.2 98.2 
3380 99.0 98.3 98.4 98.8 97.9 98.1 97.1 97.0 97.2 97.5 
2360 98.5 97.9 98.0 98.4 97.6 97.6 96.5 96.4 96.3 96.5 
1700 98.2 97.6 97.6 98.0 97.3 97.1 96.0 95.8 95.7 95.9 
1180 98.1 97.4 97.4 97.8 97.2 96.8 95.7 95.6 95.4 95.6 
850 98.0 97.2 97.2 97.6 97.1 96.6 95.4 95.4 95.2 95.4 
600 97.6 96.9 97.0 97.2 96.8 96.3 95.0 95.0 94.7 94.9 
425 97.2 96.5 96.6 96.8 96.4 95.8 94.5 94.5 94.2 94.4 
300 96.6 95.8 95.9 96.0 95.7 95.1 93.7 93.8 93.4 93.6 
212 94.9 93.8 94.1 94.3 93.8 93.3 91.8 92.0 91.5 91.9 
150 90.9 89.0 89.7 90.1 89.2 88.9 87.1 87.6 87.0 87.8 
106 82.0 77.7 78.8 80.9 78.7 78.9 76.6 77.1 77.0 78.7 
75 70.0 61.8 63.9 68.5 63.6 64.8 62.0 61.7 62.5 66.4 
53 55.8 45.8 50.0 53.9 49.2 49.4 47.1 47.1 48.7 52.1 
38 41.0 31.3 38.3 39.9 36.9 35.8 34.3 34.6 38.0 37.8 
-38 33.3 24.4 33.0 32.7 31.0 29.6 28.8 29.3 32.9 31.3 
Table B.15: Cumulative size distribution data batch 3 VG2 Torque mill 
Size 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 99.4 100 100 100 100 
6700 100 100 100 100 100 98.6 100 99.1 99.1 100 
4750 100 99.9 99.4 98.6 98.7 98.2 98.3 98.6 97.9 98.5 
3380 99.5 99.3 99.0 98.0 98.4 97.7 97.7 98.0 97.2 97.6 
2360 99.2 98.9 98.7 97.8 97.9 97.5 97.2 97.3 96.4 97.2 
1700 98.9 98.6 98.5 97.5 97.6 97.4 96.8 96.9 95.9 96.9 
1180 98.7 98.5 98.3 97.3 97.4 97.2 96.6 96.5 95.6 96.7 
850 98.5 98.4 98.0 97.1 97.1 96.9 96.4 96.1 95.3 96.4 
600 98.3 98.0 97.8 96.8 96.9 96.7 96.0 95.8 94.7 96.1 
425 98.0 97.8 97.5 96.6 96.6 96.4 95.6 95.4 93.5 95.7 
300 97.5 97.3 97.0 96.0 96.3 95.7 95.0 94.6 90.0 95.1 
212 96.2 96.1 95.7 94.7 95.1 94.5 93.5 93.1 83.7 93.8 
150 92.3 92.4 91.8 90.8 91.5 94.1 89.6 88.9 71.0 90.1 
106 85.5 85.6 84.8 83.9 84.8 87.3 82.6 81.9 56.4 83.7 
75 71.9 72.0 71.1 70.8 71.7 73.8 69.3 68.6 43.3 70.9 
53 56.4 56.3 55.5 55.3 57.0 58.5 54.2 53.5 33.8 56.7 
38 43.2 42.5 43.0 43.4 43.6 45.5 41.3 41.2 24.0 44.6 











Table B.16: Cumulative size distribution data batch 4 VG2 Torque mill 
Size 2m in 4min 6min 8min 10min 12min 14min 16min 18min 20min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 100 100 100 100 100 100 98.8 100 100 99.3 
4750 99.1 99.3 98.6 99.3 99.4 99.2 97.6 99.2 98.9 99.0 
3380 98.7 98.6 98.2 98.8 98.8 98.4 97.1 98.3 98.1 98.4 
2360 98.1 97.8 97.6 98.1 98.4 97.7 96.8 97.9 97.5 97.8 
1700 97.6 97.2 97.2 97.7 97.9 97.2 96.4 97.5 97.1 97.4 
1180 97.4 96.9 97.0 97.5 97.7 97.0 96.2 97.2 96.9 97.3 
850 97.2 96.7 96.9 97.3 97.6 96.7 96.1 97.1 96.7 97.2 
600 96.9 96.2 96.5 97.0 97.3 96.5 95.9 96.8 96.5 97.0 
425 96.6 95.8 96.1 96.7 97.0 96.2 95.6 96.6 96.2 96.7 
300 96.0 95.0 95.5 96.2 96.4 95.7 95.2 96.1 95.7 96.2 
212 94.5 93.1 94.0 94.7 95.1 94.4 94.0 94.9 94.4 95.1 
150 90.6 88.7 90.3 91.1 91.6 91.0 90.8 91.8 91.2 92.0 
106 81.9 78.9 82.0 82.5 83.2 82.8 83.0 83.9 83.3 84.3 
75 70.3 65.9 70.5 70.8 71.3 71.2 71.9 72.5 72.0 73.1 
53 56.4 51.6 56.6 56.2 56.8 56.8 57.8 57.7 57.8 58.8 
38 42.5 38.7 42.0 41.3 41.4 41.8 42.3 42.7 46.9 43.8 
-38 34.4 32.1 33.9 33.6 32.5 34.1 34.1 34.8 41.9 36.4 
Table B.17: Cumulative size distribution data batch 5 VG2 Torque mill 
Size 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 100 100 100 100 99.2 100 100 100 100 99.1 
4750 99.8 99.3 98.6 98.9 98.2 99.2 99.0 99.2 98.7 98.2 
3380 99.7 99.0 98.0 98.5 97.8 98.8 98.5 98.7 98.1 97.5 
2360 99.5 98.7 97.6 98.0 97.4 98.1 98.1 98.4 97.6 97.0 
1700 99.3 98.5 97.3 97.5 97.0 97.7 97.8 97.9 97.1 96.6 
1180 99.2 98.3 97.0 97.3 96.8 97.4 97.6 97.6 96.9 96.4 
850 99.1 98.1 96.9 97.2 96.7 97.3 97.5 97.5 96.7 96.3 
600 98.9 97.8 96.6 96.8 96.4 97.0 97.2 97.1 96.4 95.9 
425 98.5 97.5 96.2 96.5 96.1 96.6 96.9 96.8 96.0 95.6 
300 98.0 96.9 95.5 95.9 95.5 96.0 96.3 96.2 95.4 95.1 
212 96.7 92.2 94.2 94.6 94.1 94.8 94.9 94.9 94.0 93.9 
150 93.6 88.5 90.4 90.8 90.7 91.2 91.5 91.4 90.4 90.7 
106 86.1 80.9 81.6 81.3 82.5 82.9 82.2 83.4 82.3 82.8 
75 75.3 70.0 68.5 67.5 70.8 70.2 68.1 71.9 70.5 70.3 
53 61.3 56.0 53.9 52.2 56.3 54.9 53.0 57.4 56.0 55.7 
38 46.8 40.6 41.0 38.7 41.6 40.9 40.0 43.0 42.9 42.0 
-38 38.2 32.4 34.0 33.1 33.9 34.2 33.8 35.2 35.9 35.1 
Table B.18: Cumulative size distribution data batch 6 VG2 Torque mill 
Size 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 100 99.1 99.1 98.9 99.4 100 98.6 98.9 98.3 99.4 
4750 98.2 97.4 97.6 97.0 97.0 98.1 96.6 97.0 96.3 97.8 
3380 96.4 95.9 96.4 95.5 95.7 96.9 95.5 95.9 95.0 96.3 
2360 94.9 94.4 95.3 94.4 94.4 95.8 94.3 95.2 93.9 95.2 
1700 93.7 93.2 94.3 93.4 93.3 95.0 93.4 94.5 93.1 94.1 
1180 93.1 92.6 93.8 93.0 92.8 94.6 93.0 94.2 92.6 93.6 
850 92.4 92.1 93.3 92.5 92.3 94.2 92.6 93.8 92.2 93.1 
600 91.7 91.4 92.7 91.9 91.7 93.6 92.0 93.2 91.7 92.6 
425 90.7 90.4 91.7 90.9 90.7 92.7 91.1 92.3 90.9 91.6 
300 88.9 88.5 90.0 89.0 88.9 91.1 89.3 90.7 89.5 89.9 
212 85.3 84.6 86.2 84.9 84.9 87.4 85.5 87.1 86.4 85.8 
150 77.6 75.4 77.4 74.8 75.8 78.6 77.0 79.0 79.2 76.3 
106 67.9 63.5 65.9 62.2 64.2 66.8 60.4 67.9 69.2 61.5 
75 54.2 46.1 49.9 44.9 48.4 49.1 45.3 51.9 54.3 42.7 
53 42.3 33.3 35.5 30.2 34.4 33.8 34.7 37.5 40.5 28.6 
38 34.0 23.9 24.8 18.9 24.6 24.1 27.9 27.6 30.5 19.7 











Table B.19: Cumulative size distribution data batch 7 UG2 Torque mill 
Size (11m) 2m in 4min 6min 8min 10min 12min 14min 16min 18min 20min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 99.1 97.9 98.3 100 100 100 99.3 98.3 98.1 98.5 
4750 97.2 95.9 96.3 98.0 97.4 97.8 96.9 96.3 96.6 96.1 
3380 95.7 94.5 94.3 96.9 96.0 96.2 95.4 94.7 95.5 94.9 
2360 94.0 93.3 92.8 95.8 95.0 95.2 94.0 93.7 94.5 94.1 
1700 92.4 92.1 91.6 95.0 94.3 94.2 92.8 92.9 93.7 93.3 
1180 91.6 91.5 91.0 94.5 93.7 93.8 92.3 92.2 93.3 93.0 
850 90.7 90.8 90.4 94.0 93.1 93.3 91.7 91.5 92.8 92.5 
600 89.8 90.4 89.8 93.5 92.6 92.9 91.0 91.0 92.3 91.9 
425 88.8 89.5 89.0 92.6 91.7 92.0 90.3 90.1 91.5 91.2 
300 86.9 88.0 87.1 91.3 90.0 90.6 88.7 88.4 90.2 89.7 
212 82.9 84.3 82.6 87.6 86.2 86.6 84.7 84.4 86.7 86.2 
150 75.5 76.2 73.8 79.7 77.5 78.0 76.7 75.6 78.8 78.7 
106 63.2 63.0 58.3 66.5 63.1 63.8 62.8 61.0 64.7 65.2 
75 48.9 47.3 42.3 51.3 47.1 47.3 47.3 44.6 47.2 48.6 
53 36.1 34.9 31.1 38.1 34.3 34.5 34.6 32.6 34.6 34.7 
38 27.0 25.9 22.6 28.0 24.4 25.2 25.6 23.5 25.5 24.0 
-38 21.1 20.0 18.0 20.9 18.8 19.0 20.0 18.2 19.6 18.1 
Table B.20: Cumulative size distribution data batch 8 UG2 Torque mill 
Size (11m) 2min 4min 6min 8m in 10min 12min 14min 16min 18min 20min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 100 98.2 98.4 98.6 99.5 98.7 98.6 98.8 98.6 99.0 
4750 98.0 96.7 96.6 96.6 97.4 95.8 97.0 96.7 95.9 97.1 
3380 97.3 95.1 94.8 94.2 96.3 94.2 95.7 95.1 94.7 96.1 
2360 96.4 94.1 93.6 92.6 95.0 92.9 94.8 94.1 93.6 95.2 
1700 95.8 93.2 92.7 91.6 94.2 92.0 93.9 93.4 92.9 94.5 
1180 95.2 92.6 92.1 90.9 93.4 91.3 93.4 92.8 92.4 94.0 
850 94.7 92.0 91.4 90.3 92.7 90.8 92.8 92.4 91.9 93.6 
600 94.2 91.3 90.8 89.7 92.1 90.0 92.1 91.9 91.4 93.0 
425 93.3 90.4 90.0 88.8 91.0 89.1 91.2 91.2 90.6 92.3 
300 91.8 88.7 88.3 87.1 89.2 87.4 89.6 89.7 89.3 91.0 
212 88.4 85.1 84.6 83.3 85.3 83.9 86.2 86.3 86.0 87.8 
150 82.0 78.3 77.0 75.8 78.1 77.4 79.5 79.2 79.4 81.3 
106 69.6 65.6 63.6 62.5 65.4 65.9 66.1 65.7 67.4 68.7 
75 54.4 51.2 48.3 47.4 50.5 52.4 50.6 51.1 53.1 53.3 
53 41.2 39.0 34.5 33.9 37.3 39.9 37.6 39.7 39.9 39.3 
38 31.2 29.5 24.1 23.4 27.5 30.2 27.8 32.2 29.5 28.5 
-38 24.5 22.9 16.7 16.2 20.6 23.3 21.6 27.9 22.2 21.4 
Table B.21: Cumulative size distribution data batch 9 UG2 Torque mill 
Size 2min 4min 6min 8m in 10min 12min 14min 16min 18min 20min 
13200 100 100 100 100 100 100 100 100 100 100 
9500 100 100 100 100 100 100 100 100 100 100 
6700 100 100 100 99.4 99.1 100 98.9 98.5 100 100 
4750 99.7 99.5 99.6 98.8 98.3 98.9 97.9 97.9 98.7 98.0 
3380 99.4 99.1 99.0 98.3 97.9 98.5 97.3 97.2 98.2 97.1 
2360 98.8 99.0 98.6 98.0 97.5 98.1 96.8 96.8 97.6 96.4 
1700 98.5 98.6 98.4 97.8 97.3 97.8 96.5 96.4 97.2 96.0 
1180 98.3 98.3 98.1 97.6 97.1 97.5 96.3 96.0 97.0 95.8 
850 98.2 98.1 98.0 97.5 97.0 97.3 96.1 95.8 96.7 95.6 
600 98.0 97.8 97.8 97.3 96.8 97.1 95.9 95.6 96.5 95.4 
425 97.7 97.5 97.5 97.1 96.5 96.8 95.6 95.3 96.2 95.1 
300 97.2 96.9 97.0 96.7 96.1 96.4 95.2 94.8 95.7 94.4 
212 96.1 95.7 95.7 95.8 95.1 95.1 94.0 93.5 94.5 93.1 
150 92.5 92.0 92.8 93.0 92.2 92.2 91.2 90.6 91.2 89.4 
106 84.5 83.6 85.6 86.2 85.2 85.5 84.4 83.4 83.7 81.1 
75 73.2 72.7 73.5 76.3 74.1 74.5 73.1 71.6 73.0 70.3 
53 57.3 56.0 59.9 61.1 58.9 61.2 58.8 56.7 57.7 54.5 
38 45.2 44.0 46.2 49.1 46.6 49.3 46.3 43.1 46.5 41.8 











Table B.22: Wet and dry mass out of torque mill over time for abrasion of 
Target ore 
Batch 1 Batch 2 
-50+38,-38+25 -75+50,-50+38,-38+25 
Time (min) Wet mass (kg) Dry mass (kg) Time (min) Wet mass (kg) Dry mass (kg) 
5 44.2 0.55 5 37.42 0.61 
10 47.12 0.27 10 40.72 0.30 
15 46.72 0.31 15 40.94 0.35 
20 47.18 0.27 20 41.44 0.30 
25 46.64 0.32 25 41.62 0.35 
30 47.46 0.24 30 40.8 0.26 
35 47.74 0.22 35 41.06 0.24 
40 47.36 0.25 40 40.1 0.28 
45 46.98 0.29 45 40.6 0.31 
50 47.1 0.28 50 40.84 0.30 
Table B.23: Cumulative size distribution data batch 1 Target Gold Torque mill 
Size (I-Im) 5min 10min 15min 20min 25min 30min 35min 40min 45min 50min 
1700 100 100 100 100 100 100 100 100 100 100 
1180 100 100 100 100 100 100 100 100 100 100 
850 100 100 100 99.24 100 100 100 100 100 100 
600 98.93 99.31 99.90 98.84 99.90 99.94 99.92 99.84 99.57 99.89 
425 98.69 99.10 99.72 98.65 99.87 99.87 99.92 99.77 99.44 99.79 
300 98.10 98.62 99.55 98.25 99.67 99.66 99.44 99.51 99.28 99.54 
212 96.86 97.30 98.93 97.23 99.11 99.00 97.99 98.75 98.59 98.84 
150 93.61 94.02 97.10 94.62 97.26 97.06 93.74 96.68 96.65 97.19 
106 88.70 89.15 93.86 90.89 94.03 94.12 86.84 93.53 93.18 94.38 
75 80.37 81.82 88.54 85.21 89.19 89.67 76.08 88.34 88.82 89.95 
53 70.73 73.05 82.26 78.18 83.32 84.01 63.56 81.94 83.31 84.36 
38 60.61 63.61 74.77 70.20 76.69 77.97 48.72 74.91 77.37 77.97 
-38 49.41 52.63 66.14 61.16 68.68 70.39 33.79 66.21 69.79 70.24 
Table B.24: Cumulative size distribution data batch 2 Target Gold Torque mill 
Size (I-Im) 5min 10min 15min 20min 25min 30min 35min 40min 45min 50min 
1700 100 100 100 100 100 100 100 100 100 100 
1180 100 100 100 100 100 100 100 100 100 100 
850 100 100 100 100 100 100 100 100 100 100 
600 99.95 99.85 99.45 99.94 99.78 99.86 99.88 99.73 99.75 99.81 
425 99.89 99.75 99.33 99.88 99.66 99.72 99.78 99.65 99.64 99.71 
300 99.73 99.57 98.96 99.71 99.35 99.35 99.50 99.44 99.24 99.32 
212 99.01 99.01 97.68 99.21 98.55 97.93 98.78 98.85 97.97 98.35 
150 97.35 97.38 95.07 97.79 96.52 95.14 96.88 97.24 95.10 96.17 
106 95.21 94.64 91.56 95.38 93.35 91.56 93.83 94.67 91.25 93.02 
75 91.92 90.11 86.23 91.23 88.29 86.22 88.81 90.78 85.40 87.99 
53 87.72 84.53 80.11 86.17 81.82 79.63 82.57 86.04 78.39 81.15 
38 82.40 78.22 72.83 80.43 74.31 71.85 75.27 80.76 70.40 74.14 












Table C.l: Cumulative size distribution data for the UG2 ore 
Specific press force 
(N/mm2) 
Size (J.lm) Feed 4.49 
13200 100 100 
9500 100 100 
6700 82.04 100 
4750 54.01 99.71 
3350 40.65 97.44 
2360 30.81 90.59 
1700 25.99 83.19 
1180 22.98 77.04 
850 21.26 72.42 
600 19.78 68.75 
425 18.43 65.48 
300 16.94 61.94 
212 14.33 55.34 
150 11.67 47.44 
106 7.64 33.85 
75 5.48 25.29 
53 3.63 17.87 
38 2.57 12.83 
-38 1.93 9.69 
Table C.2: Cumulative size distribution data for the Merensky ore 
Specific press force of Procuct N/mm2 
Size (J.lm) Feed 1.50 2.39 2.99 4.49 5.99 7.48 
9500 100 100 100 100 100 100 100 
6700 82.02 100 100 100 100 100 100 
4750 59.16 97.97 99.06 99.16 99.58 99.28 99.53 
3350 47.60 90.23 94.54 95.28 96.72 95.82 96.70 
2360 37.30 77.24 84.68 86.09 89.39 85.67 88.53 
1700 29.47 64.74 73.44 75.39 79.69 73.39 78.02 
1180 24.48 55.76 65.04 66.90 72.39 63.83 69.04 
850 19.67 46.37 55.36 57.16 63.15 54.43 59.89 
600 16.09 39.00 47.61 49.47 55.88 47.64 52.29 
425 12.94 31.82 39.84 41.45 48.41 40.44 44.55 
300 10.67 26.30 33.59 34.94 42.26 34.94 38.24 
212 8.80 21.35 27.81 28.97 35.84 29.38 32.31 
150 7.07 16.90 22.36 23.17 30.22 24.55 26.89 
106 5.66 13.11 17.54 18.10 24.61 19.85 21.69 
75 4.54 10.22 13.58 13.94 20.45 16.39 18.00 
53 3.58 7.66 10.07 10.27 16.71 13.28 14.53 
38 2.84 5.72 7.30 7.36 13.45 10.62 11.67 











C.l No-load power 
The net energy consumption during the grinding process is calculated by subtracting 
the no-load energy consumption from the gross energy consumption. The no-load 
energy consumption is determined by recording the energy consumed by both motors 
as a function of time without feeding ore to the HPGR. 
Figure C.l shows the no-load energy consumption in kWh as a function of time in 
hours for of the motor. A linear trend is observed as indicated in Figure C.l. The 

















y = 1.1406x 
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Figure C.l: No-load energy consumption as a function of time 
C.2 Conversion from hydraulic pressure to specific press force 
0.4 
The specific press force is defined as the total hydraulic force exerted on the rolls 
divided by the projected area of the rolls. This form is useful for comparing pressures 











F(sp) = F I(L* D) 
F(sp) = specific grinding force in N/mm2 
F = force in N 
L = roll width in mm 
D = roll diameter in mm 
Figure C.2 shows the relationship between hydraulic pressure in bar to specific press 
force in N/mm2. 
----------
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APPENDIX D MINERALOGY DATA 
Table 0.1: UG2 ICP 1 data for impact & abrasion and bed breakage 
Bed breakage Mq % AI % Si % Ca % Ti % V% Cr % Mn % Fe % Co % Ni % Cu % Zn % Pb % 
300 ~m 8.21 6.76 11.80 233 0.39 0.16 14.75 0.18 14.40 0.14 0.10 <0.05 0.07 <0.05 
212 m 6.79 7.69 7.20 1.60 0.46 0.20 20.50 0.17 16.70 0.19 0.10 <0.05 0.09 <0.05 
150~m 6.68 7.84 7.52 1.74 0.45 0.19 20.20 0.17 16.40 0.14 0.10 <0.05 0.09 <0.05 
106 ~m 7.24 779 930 208 0.39 018 18.35 0.14 14.45 <0.05 0.07 <0.05 <0.05 <0.05 
75 ~m 7.45 7.92 12.0 2.93 0.34 0.16 14.6 0.13 12A <0.05 0.073 <0.05 <0.05 <0.05 
53 ~m 7.25 8.16 13.2 3A9 0.33 0.15 13.2 0.12 11.3 <0.05 0078 <0.05 <0.05 <0.05 
38 ~m 7.11 8.24 13.2 3.62 0.34 0.14 12.8 0.12 11.2 <0.05 0.091 <0.05 <0.05 <0.05 
Im.Jl"ct & Abrasion Mq % AI % Si % Ca % Ti % V(% Cr % Mn % Fe % Co(% Ni % Cu % Zn % Pb % 
300 m 6.78 7.59 9.75 2.36 0.41 0.17 17.00 0.16 14.50 0.23 0.09 <0.05 0.09 <0.05 
212 m 608 8.04 6.96 1.82 0.46 0.19 20.40 0.17 16.40 0.25 0.09 <0.05 0.09 <0.05 
150 m 6.18 8.15 7.03 1.88 0.46 0.20 21.00 0.17 16.60 0.15 0.09 <0.05 0.10 <0.05 
106 ~m 6.77 8.13 9.28 2.23 DAD 0.18 18.5 0.14 14.3 <0.05 0.085 <0.05 <0.05 <0.05 
75 ~m 7.10 8.00 10.8 2.67 0.38 0.15 16.3 0.13 13.2 <0.05 0.095 <0.05 <0.05 <0.05 
53 ~m 7.28 8.01 12.3 3.08 0.36 0.14 14.5 0.13 12.2 <0.05 0.10 <0.05 <0.05 <0.05 
38 ~m 7.17 7.97 12.25 3.15 0.38 0.13 14.35 0.14 12.25 <0.05 0.12 <0.05 <0.05 <0.05 
Table 0.2: Merensky Fire assay for PGM data for bed breakage at different 
pressures 
PGM + Au gIl 
Size (jJm) 30 PGM 48PGM 60 PGM 90 r PGM 90 PGM 120 r PGroJ 120 PGM 150 r PGM 150 PGM 
10000 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
1000 84.0 90.4 89.2 89.7 89.8 85.7 74.7 85.6 87.8 
425 65.8 78.0 78.0 76.0 72.2 72.6 64.4 72.4 74.2 
212 48.6 64.7 64.8 65.0 57.0 56.5 54.4 58.8 62.2 
150 33.6 47.3 48.7 53.5 38.8 44.4 40.4 48.6 50.5 
75 19.6 35.0 36.3 34.0 25.8 32.8 20.6 35.8 38.3 
38 0.0 20.2 21.2 19.5 14.6 17.8 10.6 20.8 22.0 
mass{g) 
Size (jJm) 30(g) 48 (g) 60 (g) 90 r (g) 90 (g) 120r(g) 120 (g) 150r(g) 150 (g) 
10000 100 100 100 100 100 100 100 100 100 
1000 61.56 69.75 73.66 70.85 66.82 74.56 71.95 73.95 68.52 
425 42.47 48.43 50.52 46.64 46.95 49.59 49.16 47.90 55.35 
212 28.22 31.38 32.22 27.82 33.94 30.13 32.69 29.03 32.10 
150 22.30 24.50 24.67 20.31 25.38 22.50 24.74 21.93 24.53 
75 13.26 14.20 13.14 7.51 15.14 9.63 14.73 10.97 14.19 
38 4.61 3.50 2.69 1.20 7.35 1.58 7.74 2.06 5.73 
Table 0.3: Merensky feed fire assay and size distribution data 
Size (jJm) Feed 1 PGM Feed 2 PGM Feed 3 PGM Feed 1 (m) Feed 2 (m) Feed 3 (m) 
10000 100 100 100 100 100 100 
9500 97.2 92.9 87.7 65.2 73.3 61.8 
4750 89.5 82.8 80.0 33.5 45.8 30.3 
2360 81.1 75.0 73.1 18.9 29.7 17.6 
1180 74.5 68.4 66.3 11.4 19.8 11.5 
425 65.0 59.3 56.5 6.3 11.5 7.0 
212 52.3 50.5 46.2 4.3 7.8 5.0 
150 41.8 41.0 37.8 3.5 6.3 4.2 
75 29.6 30.3 28.9 2.4 4.4 2.9 











Table 0.4: PGM volume % and number of grains for the HPGR and AG mill 
product samples of UG2 ore 
PGM No of 
Liberation Volume % Number of PGM grains 
Table 0.5: 
Class HPGR AG Mill HPGR AG Mill 
L 70.3 62.6 46 35 
SL 16.0 31.3 29 50 
AG 8.8 3.3 14 7 
SAG 1.9 2.4 7 6 
SG - 0.3 0 1 
G 3.0 0.1 4 1 
PGM volume % and number of grains for the HPGR Lower and 
Higher Specific Press Force of Merensky ore in the size class -
38~m 
PGM No of 









Low Pressure High Pressure Low Pressure High Pressure 
(48 bar) (150 bar) (48 bar) (150 bar) 
46.7 49.3 43 36 
4.8 21.1 17 24 
47.1 21.2 24 25 
0.1 1.9 1 4 
0.4 3.1 1 3 
0.8 3.5 14 8 
PGM volume % and number of grains for the HPGR Lower and 
Higher Specific Press Force of Merensky ore in the size class -
75+38~m 
PGM No of 
Liberation Volume % Number of PGM grains 
Class Low Pressure High Pressure Low Pressure High Pressure 
(48 bar) (150 bar) (48 bar) (150 bar) 
L 23.3 23.7 30 35 
SL 29.0 22.1 18 8 
AG 27.7 25.4 19 16 
SAG 4.2 21.4 11 6 
SG 0.3 0.9 1 3 
G 15.5 6.5 21 32 
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